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ABSTRACT 

The applicability of standard mathematical techniques for 

analysis of reliability of components exposed to a radiation 

environment is presented.  The sensitivity of failure-distribution 

functions, data-presentation techniques, statistical parameters, 

and types of measurements to practical analysis methods is demon- 

strated. With the insight gained from the analysis methods, a 

research and development program was designed to establish qualified 

test procedures for long-term nuclear-development techniques.  In 

addition, the lack of practical standard test techniques is sub- 

stantiated and standard data-reporting methods are recommended. 
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SECTION I 

INTRODUCTION 

Scientific interest in the relationship between radiation 

effects and reliability has increased with the advancement in 

space technologies and the advent of nuclear propulsion and 

nuclear auxiliary power. The long-term missions associated with 

future space objectives, especially those of a nuclear nature, 

have created a critical requirement for methods of predicting 

system response to long-life complex environments. 

This study was initiated to determine the relationship be- 

tween radiation effects and reliability of space-systems com- 

ponents and to investigate the applicability of various com- 

ponent-reliability predicting methods relative to the utiliza- 

tion of nuclear auxiliary power. 

The main result of this study is the realization of the 

advantages of applying statistical techniques to preplanning, 

performing, and analyzing reliability studies. Therefore, the 

basic principles of statistical analysis are presented in detail, 

and methods of analysis are demonstrated by application to avail- 

able radiation-effects and reliability data. 

Present-day test techniques and military specifications are 

inadequate for implementing new long-term components and for per- 

forming practical development of long-term programs. A proposed 

program for developing long-term techniques is outlined, the lack 

of standard test techniques is pointed out, and data-presentation 

methods are suggested. 



SECTION II 

MATHEMATICAL MODELS ANALYSIS 

Although a sensitivity analysis was performed simultaneously 

with the mathematical models analysis, the latter is presented 

first in order to familarize the reader with the mathematical 

and statistical concepts essential to understanding the techniques 

and results presented in this report. 

The objective of the mathematical models analysis was to 

investigate and develop analytical models that can be used 

to describe these relationships between radiation effects and 

reliability that were observed in the sensitivity analysis. To 

achieve this objective, the mathematical models analysis was 

performed In three phases: 

Phase 1.  Investigation of fundamental reliability concepts 
and relationships, possible radiation-effects reliability 
models, and reliability probability density functions. 

Phase 2.  Selection of the "best" family of failure distri- 
butions for use in describing the observed relationships 
between radiation effects and reliability; presentation of 
parameter estimation techniques for the selected failure 
distribution; and determination of the radiation-effects 
failure rate with the use of a statistical multiple-regression 
analysis. 

Phase 3->  Investigation of the consequences of using the 
commonly assumed exponential reliability distribution a3 a 
radiation-effects reliability model. 

These three pnases are described in detail in Sections 1, 2, 

and 3. 

Section 1 describes (a) fundamental reliability concepts and 

the analytical relationships between probability density functions, 

failure-rate functions, and the resulting reliability equations; 

_ MVnmm 
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(b) mathematical models which can be used to represent the 

reliability of electronic equipment operating in various nuclear 

environments; and (c) probability density functions which are 

considered here for their capability of representing the reliability 

of equipment subjected to a nuclear environment. 

Section 2 presents engineering and statistical techniques 

for U3e in estimating the true, but unknown, failure distribu- 

tion.  The selection of the unknown failure distribution is 

based upon the analysis of empirical test data.  The selection 

techniques presented are based upon the concept of discrimination 

between a priori failure distributions by means of engineering 

goodness-of-fit measures and statistical goodness-of-fit tests. 

The particular techniques considered are (a) graphical goodness- 

of-fit comparisons by the use of probability papers, (bl nonpara- 

rnetrlc and parametric statistical goodness-of-fit tests, and 

(c) comparison of the normalized residual sum of squares. 

Also presented in Section 2 are the procedures for estimating 

the parameters of a Weibull distribution, with special emphasis 

viven to the graphical technique, which is based upon the 

method of least squares.  The placement of confidence intervals 

upon the Weibull cumulative density function Is also considered. 

In addition, Section 2 presents a technique for determining the 

reliability function; this technique is based upon the use cf a 

statistical multiple-regression analysis of the failure-rate 

function. 

Section 3 considers the effects of an erroneous exponential 

assumption upon two factors when the true but unknown failure 
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distribution is a Weibull distribution with shape parameter ß > 1. 

These factors are: 

•Reliability estimates based upon actual test data. 

•The testing errors of any subsequently designed test program. 

1.  Reliability Concepts 

a.  Reliability Relationships 

This subsection presents an exposition of the reliability 

concepts, equations, and relationships employed in this study. 

The purpose of this exposition is to clarify the reliability 

concepts and terminology that are used throughout this report. 

The reliability of a device can be expressed in terms of any 

applicable random variable or variables; however, for purposes 

of exposition, it will be expressed as a function of the single 

random variable - time. Thus, reliability will be defined as 

the probability of a device operating within specified limits 

for the time and operating conditions specified. 

The reliability of a device can be expressed in two equivalent 

ways:  (l) in terms of a probability density function or (2) in 

terms of the equivalent failure rate. Although system relia- 

bilities are almost always presented in terms of a failure rate, 

the commonly used techniques of reliability data analysis require 

a knowledge of the equivalent probability-density-function 

representation. 

The following reliability relationships can be obtained by 

the application of elementary probability theory:* 

♦Throughout this report, unless otherwise specified, the range of 
t is 0 < t < - 

iäifflNf 
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t 

P(t) = J f(x)dx (1) 

R(t) - exp - J g(x)( 

o 

R(t) - i - p(t; (2) 

t 

)dx | (3) 

o 

where 

F(t) = cumulative density function, or c.d.f. 

f(t) » probability density function, or p.d.f. 

R(t) * reliability function 

g(t) = failure rate function 

If f(t) is the p.d.f. of the time to failure, it gives the 

density of the probability at any point t; for small At, f(t)At 

is the probability of a device failing in the interval of time 

between t and t + At. Therefore, Equation 1 is equal to the 

probability that the device will fail in the time interval 

between 0 and t, and Equation 2 is equal to the probability 

that a device will not fail during the time interval between 

0 and t. Further, the probability that a device will fail in 

the interval of time between t. and t^ is 

P(t2) - P(tx) - J  f(x)dx 

h 
The failure rate of a device, g(t), gives the density of the 

conditional probability of failure at time t, given that the 

device has not failed prior to time t. Thus, for small At, 

g(t)At represents the probability that a device which has not 

failed prior to time t will fail in the interval (t, t ♦ At). 
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The relationship between the failure p.d.f., f(t), and the 

failure rate, g(t), is easily shown to be 

g(t) - —ihl— (4) 
1 - p(t) 

This equation expresses the failure rate in terms o: the known 

p.d.f. and c.d.f.  To express the reliability, R(t), in terms 

of the failure rate, integrate the differential equation 

g(t)dt 
1 -P(t) 

over the range 0 to t.  By noting that F(0) - 0, the reliability, 

1 - F(t), can be expressed in terms of the failure rate as given 

in Equation 3. 

As illustrated above, the two methods of expressing reliability - 

In terms of the p.d.f. or the equivalent failure rate - are identical, 

If the underlying form of the p.d.f. or the equivalent failure rate 

and the values of their respective parameters were known, the 

consideration of a single approach would be sufficient. However, 

the radiation-effects reliability study is based on the analysis 

of empirical data and requires consideration of both approaches 

for two reasons: 

1. The method of estimating from test data) the parameters 
involved differs for the two approaches. 

2. Each approach has advantages and disadvantages in various 
situations. 

For example, in the p.d.f. approach the general procedure is to 

assume some well-known p.d.f. for f(t), then estimate, by use of 

graphical procedures, method of moments, least squares, method 
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of maximum likelihood, or some other appropriate estimation 

technique, the parameters of f(t) on the basis of empirical 

data. In the failure-rate approach, the assumption is made 

that there exists a transformation, y(t), which transforms 

the random variable, time-to-failure t, into a random variable 

that is exponentially distributed, namely, 

R(t) = e"y(t) (5) 

This approach does not attempt to hypothesize the form of the 

underlying p.d.f.  It merely assumes that the integral of the true 
t 

failure rate, y(t) = f g(x)dx, can be approximated by a poly- 

o 
nomial of relatively low degree. 

Obviously, in some cases either approach is possible and 

the resulting analytical functions are easily handled. However» 

there are many cases that can not be solved by one approach, 

but are workable in terms 01 the other approach. 

b.  Reliability Models 

The mathematical models (composite, mixed, and failure rate) 

presented in this subsection express the relationship between 

radiation effects and reliability for various combinations of 

failure modes. 

For purposes of model explanation, it will be advantageous 

to express reliability as a function of the single variable 

time, realizing that at any given point in time the failure 

rate - and, consequently, the reliability - is dependent upon 

the effect of two factors:  random failures and radiation- 

induced failures. Thus, the total failure rate may be considered 

-  iWMff i 



as the result of two forces:  (l) the random failure force, which 

is observed in equipment operating under normal environmental 

conditions; and (2) the radiation failure force, which is 

responsible for the failures that are caused solely by radiation 

effects. The obvious extension of these models to make them 

2-dimensional for inclusion of the radiation effects is to 

consider the total radiation dose as the radiation-effects 

variable. The total dose received is, of course, dependent upon 

the radiation rate and the length of exposure. Thus, if rate 

is treated as a parameter, it is possible to express the effect 

of both failure forces - chance and radiation effects - as a 

function of time alone. 

(l) The Composite Model 

The r-factor composite model is defined as 

P(t) =* P1(t) 

where 

6i i ^ i5[ + l  and  i ■ 1, . . . , r 

Tne 5^'s are points of component partition or simply partition 

parameters. As illustrated in Figure 1, the composite model is 

capable of representing either a single failure distribution or 

a sequence of failure distributions. The partitioning factors 

coincide with changing failure forces or transition periods 

produced by a single failure force. Situations in which the 

composite model may be applicable are Illustrated in Pigure 1 

and discussed below. 

8 
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1. Constant reactor operation. The equipment is subjected 
to a constant radiation environment and displays 
Increasing failures with Increased exposure time. 

2. Delayed reactor operation. The equipment is operating 
in a normal environment until time 5^. At this time the 
reactor is turned on, introducing the radiation-effects 
failure force which increases the equipment failure rate. 

3. Less than critical dose.  The equipment is subjected 
to ä less-than-critical radiation environment until 
time 6i.  At this time the reactor is turned off and 
the equipment is operated in a normal environment. 

4. Intermittent reactor operation. The equipment is sub- 
Jected to varying radiation environments at intermittent 
intervals; consequently, the radiation failure force 
is present at varying levels. 

The  composite model can be used to describe changing failure 

distributions, as illustrated above. However, the assumption is 

made that at any point in time the single failure force or several 

failure forces do combine in such a manner that, within each 

partition, it is possible to describe the reliability relationship 

by a single failure distribution. Figure 2a illustrates the 

c.d.f. of a 2-component composite model. 

(2)    The Mixed Model 

The 2-factor mixed model is defined as 

P(t) - pP1(t) + qP2(t),   p + q - 1 

where F1(t) is the c.d.f. of the ith subpopulation, and p and q 

are the mix percentages of ..ubpopulatlons 1 and 2, respectively. 

Tne  mixed model 13 proposed as a radiation-effects failure 

distribution in which F-s(t) and ?At)  are the model components 

that account for or represent the cumulative failure distri- 

butions for cnance failures and radiation-effects failures. 

Pi :ure 3 Is an illustration of the subpopulation components and 

10 
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c. Failure-Rate Model 
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Figure c     Schematic Plots of the Composite, Mixed, 
and Failure-Rate Models 
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the results of their mixture. The applicability of the mixed 

model as a radiation-effects reliability model can bfst be 

evaluated by considering the development or theoretical basis of 

the model. The mixed model can be considered as being derived 

from the solution of the problem described below. 

A population of components is to be developed by accumulation 

of components from a production line. The probability of obtaining 

a defective component upon random selection from the production 

process is equal to p. The probability of obtaining a nondefec- 

tive component upon random selection from the production process 

is equal to q. The so-called defective items are subject only 

to chance failures, and the so-called nondefective items are 

subject only to radiation-induced failures. It is further known 

that the defective and nondefective items have cumulative failure 

distributions F^(t) and FgK), respectively. If a population of 

components is gathered from the above production process and 

operated in a radiation environment, the following question arises: 

What is the failure distribution of the combined population? 

From elementary probability theory, it is known that the 

resultant probability of a component failure on or before time 

t is equal to the product of the probability of drawing a 

defective component times the probability that the defective 

competent fails on or before time t, plus the probability of 

drawing a nondefective component times the probability that it 

falls on or before time t. Thus, the failure distribution of 

the combined population is 

F(t) - pF^t) ♦ qF2(t) 

13 
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In summary, Pi(t) is the c.d.f. of the ith subpopulatlon. 

The quantities p and q are the proportions of the subpopulations 

mix, or simply the mix parameters.  This model combines two 

subpopulations with known failure distributions in the proportions 

p and q to establish the failure distribution of the mixed 

population. 

Situations in which the mixed model may be applicable are 

presented below: 

1. Mutually exclusive failure effects. If a lot of com- 
ponents consist of p percent "defe'ctive" components, 
say off-the-whelf items, and q percent "nondefective" 
components, say radiation-hardened items, the mixed 
model is appropriate for describing the failure distri- 
bution of this lot when operated in a radiation environment. 

2. Combined batches or manufacturers. If a lot of components 
is a combination from two different batches or manufac- 
turers, with independently determined failure distributions, 
the mixed model is appropriate for describing the resulting 
failure distribution. 

Figure 2b illustrates the c.d.f. of a  2-component mixed model. 

(3) The Failure-Rate Model 

The failure-rate model is defined as 

F(t) = 1 - exp - J g(x)dx 
o 

where g(x) is the failure rate. 

The failure rate for a 2-factor, chance-plus-radlation-effects, 

failure-rate model can be expressed in the following form: 

g(t) - g1(t;C) + g2(t;R) + I(tc, tR) 

where 

5 (t;C)  Is the contribution of chance failures to the 
total failure rate and Is dependent upon the 

14 



type of equipment and the length of time the 
equipment has been operating. 

g2(t;R)  is the contribution of radlatior-effects failures 
to the total failure rate and is dependent upon 
the radiation environment and the length of time 
the equipment has been operating. 

l(tc,tfl) is the contribution of the interaction effects 
that result from combining the chance and 
radiation-effects failure forces. 

C and R denote the parameter vectors associated with the 
chance and radiation-effects failure rates, 
respectively. 

The salient features of this model are: 

1. It has the capability of representing reliability 
models that can be expressed in terms of a single 
failure distribution. 

2. It is extremely flexible in the synthesis of a 
reliabilxty model when the equipment under study is 
subject to more than a single failure force, but 
the only data available are those that describe the 
failure distributions of the equipment operating, 
subject to only one failure force at a time. 

3. It automatically eliminates the problem of normalization 
that is encountered when combining probability density 
functions directly. 

Figure 2c illustrates the c.d.f. of a 2-factor failure-rate 

model for which the interaction failure-rate component is 

zero. 

c.  Reliability Distributions 

Several distributions (Weibull, exponential, Rayleigh, 

extreme-value, truncated-normal, and log-normal) were studied 

to determine their applicability and versatility for representing 

component reliability in a radiation environment.  Since these 

distributions are being used to represent the operating life 

of various components, the variable in question is a non- 

negative number.  Consequently, in the work that follows the 
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range of t is t - 0. To relocate a failure distribution to 

some origin greater than zero - to account for a so-called 

guarantee period (that is, a failure cannot occur before a 

certain time has elapsed) - the location parameter gamma, 

7 > 0, is introduced. Then, of course, the range of t 

becomes t 2   y.    The p.d.f.'s, their parameters, and relation- 

ships to reliability, as discussed in Section Il-la, are 

presented below. 

(l) The Welbull Distribution 

The Weibull cumulative density function is defined as 

3 
p(t) = i -expf- (t -yy 

I     a 
where 

t ^ Y, y  ± 0, a, ß 

and 

a = the scale parameter 

3 » the shape parameter 

7 = the location parameter 

■ (t -T? 
a 

fi 

The Weibull probability density function is 

f(t) = _iit_^xLÜ e* 
a 

If the failure distribution of a component can be described by 

a Weibull distribution, the reliability function of Equation ? 

is 

R(t) - 1, t < 7 

R(t) - exp I--* ^ü. e .  t > y 

Upon substitution of the Weibull e.d.f. and p.d.f. Into 

16 
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Equation 4, it is seen that the failure rate, g(t), for a 

Weibull distribution is a decreasing, constant, or increasing 

function, depending upon the value of  3 : 

g(t) - p(t - yf'1 

a 

Expressing reliability in terms of the failure-rate approach 

gives identical results: 

R(t) =1, t < 7 

£ 3-1 
. I     SUE - y)      <*x R(t) = exp 

R(t) = exp 

a 

(t -T) 
3 

a 

t > y 

t > y 

One of the factors contributing to the popularity of the 

Weibull distribution as a failure distribution for use in 

reliability work is its versatility. For example, the Weibull 

distribution encompasses the exponential and Rayleigh 

distributions.  These distributions are special cases of the 

Weibull distribution which can be achieved by setting the 

shape parameter 3 equal to 1 and 2, respectively.  The family 

of exponential distributions is by far the best known and most 

thoroughly explored distribution in reliability work. 

The exponential distribution has a number of desirable 

mathematical properties, but its applicability to radiation- 

effects reliability work is limited because of its constant 

failure rate.  For a constant failure rate to be applicable, 

previous equipment operation and exposure to a radiation 

environment must not affect the equipment's futurö lif3. 

17 



The Exponential Distribution ( ß ■ l).  The 2-parameter 

exponential distribution is a Weibull distribution with shape 

parameter {3 = 1.  The c.d.f., p.d.f., and failure rate of 

this distribution are presented below: 

F(t) «i -exp [-  (t - y) ] 

f(t) ^exp[- H: T) ] 

The Raylelgh Distribution ( ß = 2). The 2-parameter 

Rayleigh distribution is a Weibull distribution with shape 

parameter 9=2. The c.d.f., p.d.f., and failure rate of 

this distribution are presented below: 

2 

p(t)-i -exp [-Ü- V)     ] 

f(t) = 2^- Zl«p[- LLj *>* ] 

g(t) 2(t - 7) 
a 

(2)    The Extreme-Value Distribution 

A modification of the extreme-value c.d.f.  is defined as 

F(t) = 1  - exp I- a   [exp(t -   y)  - l]} 

where 

a    >  0,     t  > Y,    7^0 

and 

a is the scale parameter 

v Is the location parameter. 
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The modified extreme-value p.d.f. is 

f(t) =    a exp(t  -   y)exp \ - a    | exp(t -   7)   - 1 (■■[■ 
Substitution of these two equations into Equation 4 gives the 

failure rate for the modified extreme-value distribution: 

g(t) = a exp (t- y). 

(3) The Truncated Normal Distribution 

The truncated normal p.d.f. is 

f(t) = ca /2F" 
exp 1 f t - a f 

2 a I 

a   > 0,  0 < u- < 00,  t > 0 

where c is a normalizing constant defined as 

and 

,-^Pki 
a is the scale parameter 

u is the location parameter. 

(4)    The Log-Normal Distribution 

The log-normal p.d.f.   is 

t  -Ji_ dt 

f(t) exp 
tc /2w 

a    >   0, 0 £   u <   00, 

.if J2BLL 
2 I a 

- M- 

t  > 0 

The  failure rates for the  truncated-normal and log-normal 

distributions are rather complicated expressions;  consequently, 
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the failure rate approach is not recommended when dealing with 

these two distributions. Further generalizations of these two 

distributions to account for the so-called guarantee period 

can be achieved by replacing t by (t - y),  where 7 is the 

guarantee time. 

(5) Graphical Presentation of Reliability Distributions 
for Various Parameters and Forms 

A graphical illustration of the p.d.f.'s, c.d.f.'s, and 

failure rate forms of reliability models discussed above are 

presented in Figures 4, 5*and 6.  This presentation is used to 

graphically illustrate the reliability models and how they 

change for various input parameters.  The reliability models 

differ mathematically, but as can be seen from Figures 4, 5, 

and 6, the graphical presentations are quite similar, especially 

for the c.d.f.'s in Figure 5. 

2.  Methodology and Results of the Mathematical Models Failure 
Data Analysis 

One of the basic problems encountered in any failure data 

analysis is that of verifying or rejecting the various a priori» 

failure distributions.  Selection of the appropriate failure 

distribution and the associated techniques of failure data 

analysis are presented in this subsection. Because of the display 

and use of radiation-effects reliability failure data through- 

out this subsection, the random variable time t is replaced 

witn that of radiation dose d . 

• a priori  Determined in advance - before the fact - as opposed 
to a posteriori, determined in retrospect - after the fact. 

20 
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a. Selection of a Reliability Model 

The radiation-effects reliability models presented in 

Section Il-lb are expressed in terms of arbitrary cumulative 

density functions and failure rates. Section II-lc presents 

various probability density functions that are frequently used 

to represent life-test data. Since the reliability models 

of Section Il-lb consist of individual and combinations of 

the individual probability density functions of Section II-2c, 

the suggested approach to model selection is: 

1. Determine the p.d.f. or failure rate of the equipment 
within the various regions of partition, subpopulations, 
or range of parameter interest. 

2. Combine these results as Indicated in the reliability 
models, using that model which fits the particular 
situation at hand. 

b. Selection of a Reliability Distribution 

An Important step in any empirical reliability analysis is 

the mathematical formulation or the underlying failure distri- 

oution. Occasionally the form of the underlying failure 

distribution may be derived from knowledge of the physics of 

the materials involved; but, as a rule, a distribution type 

mu3t be selected on the basis of empirical data.  However, the 

distribution of the population cannot be uniquely determined by 

a set of empirical data. In fact, it is quite often possible 

to describe the same set of empirical data with several 

different mathematical distributions. Although the models 

may differ mathematically when they are utilized for a given 

set of observational data,they lead to distribution functions 
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whose graphical representations are almost identical; this is 

especially true when dealing with small sample sizes.  The 

procedures for accepting or rejecting any hypothesized distri- 

bution as being the true underlying failure distribution are 

based upon some type of goodness-of-fit test or measure.  When 

possible, the selection of the failure distribution should be 

based upon the results of a statistically valid goodness-of-fit 

test.  However, this is frequently impossible and consequently 

the selection must be based upon the comparison of various 

goodness-of-fit measures. 

(l)  The Use of Probability Paper 

By using a special type of graph paper, commonly called 

probability paper, it is possible to determine graphically 

the fit of a set of sample data to the various forms of failure 

distributions presented in Section II-lc.  Probability paper 

is so constructed that a plot of the random variable d versus 

the theoretical cumulative density function F(d) will produce 

a straight line.  Consequently, if a set of data is actually 

a random sample from a specified failure distribution, a 

plot of these data on the probability paper of the specified 

distribution should approximate a straight line.  Thus, by 

plotting a single set of sample data on the probability paper 

of each failure distribution being considered, a graphical 

t-oodness-of-fit comparison is performed, and the selection of 

a particular paper (on the basis of the best approximating 

straight line) is identical with the choice of a failure 
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distribution. A graphical goodness-of-fit comparison of the 

probability density functions of Section II-lc follows. For 

this comparison the radiation-effects reliability data presented 

in Table I are plotted in Figures 7 through 11 on probability 

paper representing each failure distribution. 

In those cases where a reasonable fit is obtained on the 

probability paper, one can obtain estimates of the parameters 

oT  the underlying distribution from the properties of the 

resulting straight line.  (For the general theory of parameter 

estimation by the use of probability paper see Reference 1.) 

(2) Coodness-of-Fit Analyses 

Briefly stated, statistical goodness-of-fit tests involve 

specifying a priori some cumulative density function and 

comparing it to an empirical cumulative density function.  The 

degree of similarity between the observed and the theoretical 

Jistributions is then used as a basis for accepting or rejecting 

the a priori failure distribution. 

(3) Nonparametrlc Goodness-of-Flt Tests 

The moot commonly used goodness-of-fit test is the Chi-square 

test.  Use of the Chi-square test is often not possible, however, 

because of its lar~e-sample-size requirements.  In the present 

stud;., for example, the small sample sizes encountered did not 

meet the requirements of the Chi-square test for the minimum 

expected frequencies per subdivision. 

The Kolmogorov-Smirnov was the test selected for use as 

a -oodness-of-fit teJt in this study (Ref. 2).  This test treats 

26 



Table I 

2N1613 TRANSISTORS TESTED IN A 
RADIATION ENVIRONMENT^ 

Rank 

i 

Percent 
Failure F(d) 

i/(n+l) 

Failure Dose 
d x 10-^ 

-10% Change 

Failure Dose 
d x IO-4 

-20% Change 

Failure Dose  1 
d x IO-4 b 

Transformed   j 
-20% Change   j 

1 0.091 0.66 5.30 0.30 

2 0.182 1.39 5.39 0.39 

1  3 0.273 1.39 5.76 O.76 

i  4 0.364 1.39 6.12 1.12 

5 0.455 2.12 6.40 1.40 

6 0.546 2.84 6.50 1.50 

7 0.637 2.84 7.20 2.20      ! 

8 O.728 3.21 7.31 2.31      I 

9 0.819 3.21 7.94 2.94      | 

10 0.910 3.57 9.40 4.40 

Dita are from NARF-LMSC tests where h™, DC transistor gain, FE' 
was obtained for collector to emitter voltage, V CE 10 v, and 

collector current, Ic « -1 ma. The two failure criteria are 

for -10% and -20% change in h FE« The number of transistors 

tested was N = 10. 

b The data in this column are a transformation of the data in 

column 4.  The transformation is (d^ - 7), where di is the 

:amma dose at the 1th failure recorded in column 4 and 

y      = 5.0 x 102* rad(C) gamma dose.  (See page 52 for the method 

oV  estimating 7 .) The ( - ) notation is used to denote an 

estimate of the true parameter in the mathematical model. 
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each observation individually and consequently may be used 

for small sample sizes.  It is based on the sampling distri- 

bution of the maximum deviation, D, between the a priori and 

the observed cumulative density functions, i.e., 

D= maxlmum|F(d) - 0(d)| , 

where F(d) and 0(d) represent the cumulative density functions 

of the theoretical and observed failure distributions, respec- 

tively.  Table II summarizes the results obtained from applying 

the Kolmogorov-Smirnov goodness-of-fit test to the radiation- 

effects reliability data of Table I.  As indicated in Table II 

this test was applied to each of the failure distributions 

presented in Section II-lc. 

A3 seen in Table II none of the a priori failure distri- 

butions can be rejected on the basis of the Kolmogorov-Smirnov 

test.  The only a priori distribution for which the sample 

statistic D is even close to the critical region is the 

exponential distribution.  In view of this failure to reject 

any of the a priori failure distributions, it should be noted 

that the Kolmogorov-Smirnov test is the most powerful (i.e., 

most discriminating) of the nonpararaetric tests.  Consequently, 

its failure to reject any of the a priori failure distributions 

can be attributed to the small sample sizes involved. 

(k)     Parametric Goodness-of-Flt Test 

The most powerful class of goodness-of-fit tests consists 

of parametric tests that are designed for specific distributions. 

33 



Table II 

SUMMARY OF THE NONPARAMETRIC 

GOODNESS-OF-FIT TEST 

A Priori 
Failure 

Distribution 

Observed Sample 
Statistic D^ 

80# Level 
Of Significance 

for Test 
Statistic D 

-10$ Change 
in hFE 

-20$ Change 
in hpE 

Weibullb 

3 > 1 

0.144 0.042C 0.322 

Exponential 0.270 0.084 0.322 

Truncated 
Normal 0.104 0.076 0.322 

Log 
Normal 0.150 0.070 0.322 

Extreme 
Value 0.154 0.071 0.322 

aIn order to reject the hypothesis (at the 80# level of 
significance) that the underlying failure distribution 
is of a specified type, the observed sample statistic D 
must be equal to or greater than Dg0g - 0.322 (see Ref. 2 ). 

"The 3hape parameter of the Weibull distribution,  0 , 
w**s Jetermlned a posteriori. 

c. BaseJ on analysis of the transformed data \y - 5.0 x 10    raci(c) [* 

3* 
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The parametric tests found to be most suitable for the small 

sample sizes encountered were (a) the Geary and Pearson tests 

for normality and log normality and (b) a test presented by 

Epstein for exponentiality. 

As a goodness-of-fit test f>r  normality, the Geary and 

Pearson test of skewness and kurtosis is suggested (Ref. 3). 

There is a series of such teats for skewness and kurtosis; 

however, the statistic 

n 

-n- Z |«i - *| 
8-     i=1 

wp.s chosen as being the most appropriate for use in this study 

because of sample sizes and power considerations.  The Geary 

and Pearson test is based on the fact that If the observations 

do come from a normally distributed population, then the 

sampling distribution of the statistic S is known.  This statistic 

can also De used ab a goodness-of-fit test for sample data 

believed to have come from a log-normal population.  This is 

accomplished by taking the logarithms of the sample data before 

computing the statistic S.  The upper and lower i%,   5%,  and 10$ 

points for the sampling distribution of S can be obtained from 

Taole 3^ of Reference 4. 

Table III summarizes the results obtained from applying 
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Table III 

SUMMARY OP THE PARAMETRIC 

GOODNESS-OF-FIT TEST 

A Priori 
j   Failure 

Distribution 

Observed Sample 
Statistic S or Z 90^ Level of 

Significance for 
Test Statistic 

S or Z     1 
-10# Change 

in hFE 
-20Jt Change 

in hpE 

Exponential Z - 2.48a Z - 4.75a Z9C# s 1'65 

Truncated 
Normal S - 0.928 S « 0.81 S^« 0.889 

Log 
Normal S - 0.878 s = 0.82 S80?t. 0.867 

'Indicates those cases for which the sample statistic is greater 
than the critical value, for the teat under consideration, and 
consequently those cases for which the a_ priori failure distri- 
bution can be rejected at the indicated level of significance. 
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the Geary and Pearson test for normality and log normality 

to the radiation-effects reliability data of Table II.  In 

Reference 5 Epstein presents several procedures for testing 

the validity of the assumption that a set of sample observa- 

tions comes from an exponential distribution.  Epstein's 

Test No. 3 has been selected for use in this study on the basis 

of sample size and power considerations.  This test is based 

on the fact that if the observations do come from an exponential 

distribution, then the statistic Z, defined below, is an 

approximate standard normal deviate. With d, as the failure 

dose and r as the number of failures that have occurred 

on or before termination of the test, statistic Z is defined 

as 

r-1 

£ \  - [ (r-l)  . d 
1=1     L   2 

dr I 12 

1/2 

Table IV summarizes the results obtained from applying 

Epstein's Test No. 3 for the exponential distribution to the 

radiation-effects reliability dati of Table I. 

(5)  Comparison of the Normalized Residual Sum of Squares 

A statistic that can be usea to measure the goodness-of-fit 

between an a priori cumulative density function and a sample 

cumulative density function is the normalized residual sum of 
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Table IV 

SUMMARY OP THE NORMALIZED RESIDUAL 

SUM OP SQUARES COMPARISONS 

A Priori Failure 
Distribution 

Observed Sample Statistics 
NRSS 

-10# Change 
lnhFE 

-20J6 Change 
ln nFE 

Weibull* 0.477 0.039b 

Exponential 11.488 0.092 

Truncated 
Normal 0.570 0.143 

Log 
Normal 0.723 0.102 

Extreme 
Value 0.503 0.050 

aThe shape parameter of the Weibull distribution, ß, was deter- 
mined a posteriori. 

bBae«d on analysis of the trsnsforaad data j y  - 5.0 x 10-i+ rad(C) 
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Squares (NRSS): 

n 

NRSS =   L    [^ - E(d1)]2 / E(d1) 

The d, is the value of the observed random variable associated 

with the ith sample cumulative density point, and E(d.) is the 

value of the a priori random variable associated with the 1th 

sample cumulative density point.  No statistical goodness-of-fit 

test (probability statements) can be made with the NRSS because 

its distribution is unknown.  However, the NRSS is a quantitative 

measure of the degree to which the sample data fit any specified 

distribution and can be used as a goodness-of-fit indicator. 

Table IV summarizes the results obtained from applying the 

NRSS goodness-of-fit measure to the radiation-effects reliability 

data of Table I.  As indicated in Table IV, this goodness-of-fit 

measure was applied to each of the failure distributions 

presented in Section II-lc. 

(6)  Selection Procedure 

When using the preceding techniques to select the form of 

the unknown failure density function, the following recommen- 

dations can be made: 

1.  When possible, the parametric goodness-of-fit test 
should be used. 

5 The first alternative is the use of the nonparametric 
goodness-of-flt test (in general, these tests are not 
as powerful as the parametric test). 
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3.  When the parametric and nonparametric goodness-of-fit 
tests are not applicable, or when these tests are not 
powerful enough to discriminate between the a priori 
probability density functions, the selection of the 
underlying failure distribution should be based on 
(l) a graphical goodness-of-fit comparison based on the 
use of probability paper and (2) a comparison of the 
normalized residual sums of squares, with consideration 
given to other factors such as (a) the data fit at the 
left-hand tail of the distribution, where the fit is of 
most concern, and (b) analytical considerations. 

Table V presents the conclusions that can be made, on the 

basis of the preceding goodness-of-fit analysis, with regard 

to the selection of a failure density function.  Where possible, 

a rejection of the respective a priori failure distributions 

is stated.  If a statistical rejection was not possible, a 

summary of the goodness-of-fit measures is listed.  To verify 

the summary statements, refer back to the respective goodness- 

of-fit analyses. 

Table V also illustrates a problem frequently encountered 

when dealing with statistical testing and inference based on 

the use of small sample sizes:  that is, it is not possible 

to make definite acceptance or rejection statements in all 

cases.  When this occurs, the problem of selecting the appro- 

priate underlying failure distribution becomes somewhat 

subjective, and the various selection criteria must be weighted 

In :iirect proportion to their relative importance to the 

problem at hand. 

In the work that follows (Section II-2c), the Waibull 

distribution is used as the form of the underlying failure 

distribution.  By referring to Table V, it is seen that this 

40 

»mmmuitm»^. 



rH 
X> 
CD 

<M CM CM ^ 
O             0) O            CD O             CD o          % c CM * ß ß * ß 
H             -H 0 H        M -H H             «H rH        -Ö  *j 
«H          «»rH «H        OH •H          -rH •H         0 H 

<Ö       T3 H 03        O CO       T3 CO         O   ,. 
43        0 43 CD 43         ft+3 43        O 43 43         bO"S 

03 ox: > x: co       ox: w           5 ! e •P       bO bO CD 43          CO   bO CO 43         bO bO CO 43       co  Qö 
CM              rH H CM            «H ««M              H K«M              «H 

3 Q>         CD  C0 CD       43 CO Z  CD         CO  CO Z   <D       43   Cö 
03      ; rH               U 

$ 
H        3 M H                  M H       ^ ft CO 43 43 043 CD              43 43 H             ° "S £ CD CD  ß  3  03 G\ CD ß X) CO bOCD ß 3  03 H CD ßXJ   ro 

£ bO 
ß   w 
<0    tx, 

x: O O Ä O CO MX: o o co x: o co 
■P «HX3    * CD 43 H          * CO 43 «H XI    •» B43 -H     j; 

M 43  Cö  ÖO x: +3 M hfl H       43  Cö  bfl 03        43   M   bO 
0 x: x: 43  3         ß 43  CD 43   3  CD   ß 43  3         ß 43   ^  CD   C 
\ u Cö X>   M -H O CO X3 43 -H >> CO X3  M H >> CÖ XI 43  -H 
T3 ^5 CO       «H CD 43 43   ß CO        «H 43 43 rH        «H  CD 43 H        H43 43 
C £H COP   P-P   Cö CO CO CO 43   M  CO  CO CD 43   M 43  ffl CD 43   M   Cö   »2 
03 p5 -H 43 43 E O »; MH 43 o E >H4)P E > «H 43   ü   E 

C\J Z CM  03 03 «H OH Z<H  CO CQH •H CM 03 CO -H •H CM  03 03 ■H 
43 i «H O X K<M •H        X 43       -H ü  X 43        ^         X 
03 EH-OlOO ■H ßHT3H O Cö rH T3  03 O CörH-OrH   p 
CD 3 cö           H 43 C 3 CO        03 M H CO              M M  CO         CO   K 
Et ß ß 0) H ft o 60 E ß CD ß ft CO ß  CD H  ft Cö ß  CD ß   ft 

•H <H XJ H  ft CD «H H «H X: «H  ft ft-H X: H  ft ft-H £HÄ 
43 cfipgto *0 03 X 643 £ Cö E  E 43   CO  Cö 6 E43 E « 
•H HO       E 

£2      CO 
CD ffl o      o 

EZ     Z 
O O       E O 0      o 

1 
CM 

0 
1 

« oz     CO ÜZ      Z 

CD CD 
03 •» C u CM CM * ß 
03 CM       TJ -H o O O CM        U *H 
Q) O        OH C        O H 

C c rH rH r^ 0 
TJ H       b043 CD CD CD H         ft4i 
O •H            £ > > > con      5 
O 03        Cö bO CD CD ft: CO co       Cö °9 O 

0) 
43              H 

P  03 
t-\ rH rH Ä 43               H 

Z              43   CQ 
0) 
XJ 

CQ    Ct. 

43         3  H 
4-1        O 43 $ » » 

43         2   t* 
HCM         0 43 

43 0) ß X> 03 o\ 0\ 00 •H   CD   ß X»   W 

XJ £ HOtO CO H  O  CO 
CM o «H          * CD CD CD E       -H          * o c CD 43  U  bG 

X3(J)C 
x: x: x: CO   CD 43   M   bO 

$-< 43  CD 43  CD 43  CD x: 3 CD c 

& 
43 X> 43 -H ü ü O >»43 X3 43 -H 

rH CO        -H 43 43 43  ß 43   ß 43  ß rH        -H 43 43 
03 1 CO 43   M  03  Cö CO CO CO CO CO CO <D 43   H   CO  Cö 
£ CC  03 43  ü  E o ü Ü >   CO 43   Ü  E 
S Z        03 03 «H OH OH OH ■H         «J  «j H 3 vn        X X *-i X<M XCM 43 43 ^J         X 

CO ßrl-OHO T\ r4 H CÖH-OH  O 
3 <M       CO M 43   ß 43   ß 43  ß U CM         CO  H 
6       CD ß ft O  bO o 60 Ü   bß CO         CD   C   ft 
•H43 X: «H  ft 4> «H CD «H CD H ft M x: «n ft 
ß  03 43  H  Cö *-5 03 *-» 03 •-J 03 E O 43 E co 
Hfl)        0 sen    z CD CD CD O 0       0 

ac et ÜQu      Z 

•H 
M 
0 

c 
o 
■H 

£3 rH 
rH 

r-i 
CD 
*H 
43 

T3 
CD 
43 t-A r-i CD *H 

M 
04 

3 xi    o 
H  M 
J0 43 
|i   03 ei

b
u

 
ß

>
l ß 

M 
O 

CO 03 
O E 

3 o 
bOp E CD 

P CD <t * ft MZ z x> •H 
Q E-« w 

kl 

■ 



distribution does not have any claim to teing the statistically 

proven radiation-effects reliability failure distribution. 

However, strong evidence is presented as to this distribution's 

unique capability of expressing the observed relationship 

between the radiation parameter dose and reliability, 

c.  Estimation of the Welbull-Dlstrlbutlon Parameters 

When the numerical values of the three Weibuli parameters 

are known, it is quite easy to ascertain the properties of 

the specific distributions.  However, when only sample data are 

available from which the values of the parameters are to be 

estimated, the problem becomes more difficult - difficult in 

the sense that because of the mathematical dependence between 

the parameters involved, there is no closed form for the 

Independent estimation of each parameter.  Many articles have 

been written on estimating the parameters of the Weibuli 

distribution.  However, for purposes of completeness the equations 

involved in the two best-known methods of estimation (i.e., 

moments and maximum likelihood) are presented below. 

(1) Method or Moments 

The method-of-moments procedure is to equate various sample 

properties with the corresponding population properties.  Then, 

the population parameters to be estimated are solved for in 

terms of the known sample properties.  The required population 

properties for the Weibuli distribution are as follows: 

y  + a1/a r(l + 1/3 ) 

,2 _   2/0  fr/1 . 0/a   * _ r2,- 

Mean   u * y  + a1^    r(l + 1/9 ) 

Variance  <T =» a /p  »r(l + 2/0 ) - i (l + l/p )j 
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SKewness    C    ■      j^1*3*   }   - 3 T   (l , 2^)r (l , 1/ß) 
     3       [r(i + 2/p)-  r2(i + i/ß)]3/2 

+ 2    r3(l 4;  l/ß)  
[r(i + 2/ß) -  r2(i + i/ß)]3/2 

The three statistical measures of the sample data that are 
2 

used to estimate      \i,    a   , and      C^ are,  respectively, 

n 
d    = IVn 

n 
a2 -   V   (dt  - d)2/(n-l) 

= I [(di" 5)3/(n-i)] /s: vi=1 
3 

It is seen that it is quite difficult to obtain  a,  3, 

and 7 expliclcly in terms of the three measures of the data, 

p 
1, s , and z .  However, given the  C- estimate - that is, 

z- - an approximation of ß can be obtained by solving the 

skewness equation graphically, since  $q is a function only 

of the shape parameter  ß. With this estimate of ß denoted 

2 as 3 and the sample value s , an estimate of a is made: 

s2/ 
2,. . ..iJ| 

r (i + 2/ 6) - r*(i + i/ 9) 
I 9/2 

and, subsequently, an estimate of 7  la made: 

y  = d - a  1/ß r(l + 1/9) 

(2) Method of Maximum Likelihood 

The equations of the maximum likelihood estimators, which 
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provide sufficient statistics if they exist, are: 

n 
1/3 -f l/n ^ln(d1 - y) 

i=l 

£ [(d1 - 7)  m(di -y)  Z(d - 7) 
* 1-1 
P 0 

(1 - P) [(^ - Y) 
-1 

n [ (d  - }) &"1  [(d, - Y)
0 

I 

.1-1 

There is no "closed form" solution to these two equations for 

P  and Y .  A solution can be obtained by use of iterative 

techniques.  Once these two estimates are obtained, the scale 

parameter a can be estimated: 

n 

a  * X>, - yf  /n 
1=1 

The numerical values obtained by use of the two methods 

differ somewhat; however, for small sample sizes there is 

nothing indicating which set of estimators is better.  Application 

of statistical estimation theory indicates that the maximum 

likelihood estimators are better for large sample sizes - better 

in the sense that their variances approach a minimum attainable 

value as the sample size increases. For small sample sizes, 

as encountered in the radiation-effects reliability study, there 

1s no obvious way of choosing between the two methods of 

estimation. 
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(3) graphical Method 

A third method of Weibull parameter estimation, which is 

presented by Kao (Ref. ö), is based on the U3e of graphical 

techniques.  Graphical techniques are heavily employed in the 

data analysis of this study.  Graphical techniques were selected 

for use in this study for the following reasons: 

1. Large amounts of data can be quickly analyzed for 
general trends and parameter estimates. 

2. When dealing with small sample sizes, there ic no 
theoretical justification for selecting one 
estimation technique (that is, method of moments, 
method of maximum likelihood, or graphical method) 
over the others; however, an empirical analysis, 
outlined and summarized below, suggests that for 
nominal sample sizes the graphical method, which 
is based on the method of least squares, is at least 
as good as the other techniques. 

(4) Comparison of the Weibull Parameter Estimators 

As an illustration of the accuracy and difference in the 

numerical values obtained from eacn type of estimator, the 

following case problem 13 presented: 

1. Sample data (N=100) were generated by Monte Carlo 
techniques from two Weibull cumulative density 
functions with known parameters. 

2. Parameter estimates were obtained from the sample 
data using each of  the estimation techniques. 

T^e 1 priori distribution and the parameter estimates obtained 

by each method are presented in Table VI. 

i.  Weibull Data Analysis 

By mathematical manipulation of the Weibull c.a.f., 

P(d) • 1 - exp f- (d - y)  B/a 

one can arrive at an expression which readily  lends itself to 
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graphical parameter estimation, as shown below. 

Consider the ratio 

1/ [1 - P(d)]  = exp(dß /a ),    Y = 0 

By taking the natural logarithm of this ratio twice, 

In In (l/[i-F(d)]}= ß In d - In a 

an equation which has a linear form is obtained, namely, 

Y = mX + c 

whe re ' 

Y = In In (1/ [1 

m = 0 

X = In d 

c = - Ina 

- F(d)n 

Thus, on Weibull probability paper, which has an ordinate 

scale of In In (1/ [1 - F(d)j} and an abcissa scale of In d, 

the c.d.f. of a Welbull distribution will plot as a straight 

line for which the y intercept and the slope are estimates of 

-In a    and 0 , respectively. 

Weibull probability paper also has an auxiliary coordinate 

system. The  auxiliary scales are nonlinear and are to be used 

In the direct plotting of the raw data.  The abcissa and ordinate 

scales of the two coordinate systems are proportioned to one 

another In such a manner that the probability paper converts 

the relationships expressed on the nonlinear raw-data coordinate 
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system into the identical relationship on the linear Weibull 

coordinate system.  If upon the Weibull coordinate system the 

relationship takes the linear form Y = mX + c mentioned above, 

then estimates of a and 3 can be taken from the graph paper. 

An illustration of using Weibull probability paper for 

parameter estimation is presented below.  The failure data given 

in Table VII and plotted in Figure 12 are taken from a set of 

2N718;. transistors tested in a radiation environment. 

Table VII 

2N718A TRANSISTORS TESTED IN A RADIATION 

ENVIRONMENT* 

Rank 
i 

Failure 
Dose , 

d x 10"4 

Percent 
Failure 
F(d)=(i ) 

n+l 

Rank 
1 

Failure 
Dose h 

d x 10"q 

Percent 
Failure 

»(«Wife) 

1 1.39 0.091 5 3.60 0.455 

2 2.48 0.182 7.5 4.30 0.637 

3 2.58 0.273 7.5 4.40 0.728 

5 3.50 0.455 9 5.03 0.819 

5 3.55 0.455 10 5.76 0.910 

The data are from the NARF-LMSC test for a failure criteria 
of a -10£ change In h?E  with VCE ■ 20 v and Ic » -10 ma.  The 

sample size was 10. 

In plotting the sample cd.f., i/(n+l) 13 used for the ith 

aample cumulative density point to estimate F(d1) (see Fig. 12) 
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The transfer Is made from the raw data scales d and F(d) to the 

Weibull scales li(d) and In In <1/ [ 1 - P(d)1 )    , respectively. 

On tne Weibull 3oales the slope of the c.d.f. data points and 

the y intercept are the estimates of ß and -In a , respectively. 

For the 2N718A transistor data tabulated in Table VII and 

presented in Figure 12, 

y intercept = -3.4 

- In a = -3.4 x  27TF 

a = 30.0 h  = 2.50 

Thus, the estimated Weibull density function is 

F(d) - 1 - exp [-(d)2,5/30.0J # 

The reliability for any gamma dose, d, can be obtained by 

direct substitution into the scaled reliability model 

R(d) = exp [~(d)2-5/30.o] . 

As indicated in Table VII and Figure 12, the parameter estimates 

of this .T»odel are basM on a scale in which 1 unit « 1 x 10^ 

rad(C). The reliability model may be adjusted for use on any 

scale desired by applying a linear transformation, as illustrated 

in a later paragraph. 

(l) The Sample Cumulative Density Function 

There are several different estimators that are commonly 

used in data analysis to estimate the population c.d.f., F(d1). 

These estimators, together with a brief discussion of their 

properties, are presented below. 
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From a sample of size n, let d1 < d0 < . . . < d be the 

radiation doses at which the failures occur. Let P(ct^5 be the 

sample estimate of F(d ), the true percent of the population 

elements that fail on or before dose d.. An unbiased estimator 

of F(di) is its sample mean, i/(n + l), where i is the number of 

sample elements that have failed on or before dose di. Thus, 

Case I. F(di) = i/(n + l) 

The sample c.d.f, - namely, the sample proportion failing 

on or before dose d. - is another frequently used c.d.f. estimator, 

Thus, 

Case II. F(d1) = i/n 

It is a common practice to use the Case I and Case II 

estimators for small and large sample sizes, respectively.  If 

the point of changing estimators is taken to be a sample size 

of n = 25, the maximum difference which can occur between F(d<) 

Case I and F(dt) Case II is 4/100* which is negligible when 

applied to a graphical plot. 

In the Case II estimator, ?(ü±)  increases by increments of 

(1/n).  A frequently used variation of this step-function is 

e;iven by 

Case III.       Ff^) - (1 - l/2)/n 

This estimator is simply the midpoint of each incremental change 

of the Case II estimator. 

Another estimator that is occasionally employed is derived 

from the method of median ranks. The median rank !s an estimate 

of the cumulative percent failure for each ordered failure such 
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that, in the long run, the positive and negative errors of the 

estimates cancel each ether. Tables of median ranks are 

presented in Reference 8. However, the following equation, 

developed by A. Benard in 1953* is an approximation that can 

be used to estimate the ith median rank, where median rank » 

(i - 0.3)/(n + 0.4); hence, 

Case IV.    P(d1) = (i - 0.3)/(n + 0.4) 

The Case I estimator, which is an unbiased estimator, is recommended, 

(2) Tied Observations 

When ties or indistinguishable differences occur among the 

failure doses, as was the case in Table VII, the following 

procedure can be used: 

1. The median rank is assigned to each of the tied values. 

Only one percentage failure point, Ffd^), is plotted 
for each group of ties, that being the mean percentag 

2, 
percentage 

failure of the tied values. 

However, it should be noted that if the least-aquares line is to 

be calculated analytically rather than estimated graphically, each 

percentage failure point, F(d1), is to be treated individually, 

regardless of whether or not tied observations occur. 

(3) Treatment of the Location Parameter. 

In the previous example of Weibull parameter estimation by 

graphical techniques, the location parameter, y  , was assumed 

to be zero. Employing the procedure outlined in the paragraph 

Qlscusairig the general approach, without the v • 0 assumption, 

results in 

In ln{ l/[ 1- P(d)])- 0 ln(d - y)  - In a 
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Thus, for a Weibull distribution in which y  / 0, the percent of 

failures, F(d), must be plotted against the failure dose minus 

gammai (d - y), in order to use the Weibull scales as before to 

estimate a and 0 . 

Consequently, an estimate of y   (the zero assumption or 

otherwise) must be made before estimates of the Weibull parameters 

can be obtained graphically.  There are three approaches, any one 

of which may be used to estimate the location parameter.  The 

tnree different approaches are outlined below as Cases I, II, and 

III. 

Case I 

1. Plot the data points 

2. Draw the approximating straight line 

3. Assume y  = 0 

^.  Obtain the a and 3 estimates from the approximating 
straight line 

Case II 

1. Step 1 of Case I 

2. Pit a curve through the data points (linear or curvi- 
linear); let y   = the 0.1# failure Intercept 

3. Replot P(d) vs (d - 7) 

h.    Draw a new approximating straight line 

3.  Obtain the a and 3 estimates fron the new approximating 
straight line 

^se III 

1. Steps 1, 2, 3, and U  of Case II 

2. When both approaches (Cases I and II) fall to produce 
a linear plot, values within the range of 0 to the. 
0.1*1 failure intercept are successively chosen as y 
until linearity Is produced for the plot of P(d) vs (d - \ 
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3. Step 5 of Case II 

A situation in which 7 / 0 is illustrated in Figure 13. 

The failure data from which Figure 13 was constructed 

are tabulated in Table I. As seen in Figure 13* the original 

data produce a curvilinear plot. Consequently, Case I ( y  * 0) 

is not applicable. Following the approach outlined in Case II, 

the 0.1$ failure intercept and estimate of gamma is seen to 

oe y  = 5.0 units. Step 3,  a replot of F(di) vs (dA - y  ),  is 

needed to see whether linearity has been produced; if it has 

been produced, one proceeds with Steps 4 and 5. As illustrated 
m 

in Figure 13, the estimate y  = 5.0 units in the transformed 

data approximates a linear plot; thus, proceeding with Steps 4 

and 5 yields 

-In a = -0.80       Ay/Ax = 2.72/2.30 

a - 2.23 b  - 1.18 

and the estimated Weibuil distribution function is 

F(d) - 1 - exp [- (d - 5.0)1,1 /2.23J , d i 5.0 

It is a common practice in reliability work to define the 

location parameter y ^ a "guarantee" period within which no 

failure can occur.  This, of course, implies that y  is some 

number greater than zero. However, it should be noted that the 

addition of any constant to the raw data can be a useful technique 

for obtaining a linear plot. That is, Just because a negative 

y      does not fit into the guarantee period concept, it should 

not be discarded as a legitimate transformation for producing 
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a linear plot on Weibull probability paper.  As long as the final 

approximating line from which the parameter estimates are taken 

is linear, the  interpretation of y    is primarily a matter of 

philosophy.  An example of such a transformation, with y    « -1.5* 

is presented in Figure 1^. 

(*0  Change of Scale 

A procedure commonly used to facilitate data analysis is 

that of changing scales.  For example, in the problem of 

parameter estimation it is often advantageous to apply a linear 

transformation to the raw data before beginning the task of 

estimating the values *I  the population parameters from the 

sample data. The procedure is to apply the desired linear trans- 

formation to the raw data, determine the estimates of the parameters 

on the transformed scale, then determine the relationship that 

will convert these est'mates back to the original scale. 

The effect of a linear transformation upon the Weibull dis- 

tribution is illustrated below. Consider the Weibull p.d.f. for 

which T*0: 

f(d) - Ud " A] e*p( I8 / a) 

If a linear transformation y « cd is made, where c is a 

constant, the distribution of y is 

r(y) - [ey 9~V* cj exp [-y*/a c*] 

In the preceding 2N718A transistor example,  the parameter 

eJtlmates were based on a scale in which 1 unit equals 10    rad(C), 

and the resulting p.d.f.  was 

-(d)  - (2.5d1'V30.0)exp(-d2-V30.0i 
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.,.,... 

To convert the parameter estimates and the resulting distribution 

to a scale in which 1 unit equals 1 rad(C), the following inverse 

linear transformation is applied: 

y - cd 

then 

y = 104 d 

f(y) - (2.5y1,5/30.0 x 1010)exp(-.y2,5/30.0 x 10
10) 

where 1 unit on the y scale equals 1 rad(C). 

(5) Determination of the Maximum Allowable Dose 

Once the parameters of the reliability distribution have 

been estimated from radiation-effect3 reliability test data, 

the following question may arise:  What is the maximum gamma 

dose to which a transistor may be subjected and still maintain 

a specified reliability level? The techniques involved in 

determining this critical dose, d„, depends upon the level of c 

reliability specified. 

Case I.  If the reliability level in question is 
within the range 0.001 - 0.999, the 
critical dose can be read directly from 
the Weibull probability paper. 

For example, the critical dose for a 0.99 reliability is the 

failure dose which corresponds to the 1.0# failure point.  Thus, 

por the 2N718A transistor example (see  Pig. 15)» the critical 

dose for a 99# reliability is 0.60 x 10 rad(c). Consequently, 

it can be concluded that the probability is 0.99 that a 2N718A 

transistor will not fall because of radiation effects, as long 

a3 It does not receive a gamma dose equal to or greater than 

,000 rad(C). 
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Case II.  If the reliability level In question is 
greater than 0.999, the critical dose can 
be determined by either of the following 
two methods. 

Extension of the Weibull Probability Paper: 
For reliabilities greater than 0.99** an 
extension of the Weibull probability paper 
can be made so that a graphical determination 
of the critical dose can be obtained as 
described in Case I. For example, by extending 
the percent failure scale one cycle lower (from 
0.001 to 0.0001), the maximum allowable dose 
corresponding to a 0.9999 reliability is given 
by the intersection of the least-squares line 
and the 0.01$ failure plane. Figure 15 illus- 
trates the extension of the probability paper 
for the data of the 2N718A transistor 
example. The 0.01J6 failure intercept occurs 
off of the 3cale; however, by extrapolation, 
an estimate of 0.099 x 10^ rad(C) is made. 

Analytical Approximation: The Weibull c.d.f. 
can be expressed as " 

F(d) - (d - Y)ß/a + o(d - yf/a 

More specifically, for reliabilities > 0.999 

F(d) « (d - Y)3/CX + € ,  €  < 0.5 x 10"6 

Consequently, the maximum dose to which the 
transistor may be exposed and maintain a 
reliability greater than 0.999 can be approxi- 
mated by the following equation 

dc«{[l -R(d)la}1/5
+7 

where R(d) is the desired reliability. For 
the 2N718A transistor example of Figure 15, 
the parameter estimates are y m 0, a    - 30, 
and   - 2.5. Application of the analytical 
approximation technique to determine the 
maximum dose to which the 2N718A transistor 
can be subjected and still declare a 0.9999 
reliability results in 

dc - [(0.0001)(30.0)] 
1/2'5 
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l°Slo(dc) = 3.9908 - 10 

d = 0.0996 x 104 rad(c) 

Note that the solution for d by means of 
the analytical approximation0verifies the 
result obtained from the extension of the 
Weibull graph paper. 

(6)  Confidence Intervals 

When estimating a failure distribution from sample data, it 

is frequently not sufficient to simply express the hypothesized 

c.d.f. in terms of its estimated parameters.  Instead, it is 

more meaningful to determine an interval that will have some 

specified probability of including the true c.d.f.  The boundary 

values of such an interval are called the confidence limits of 

the c.d.f., while the interval itself is called the confidence 

interval for the c.d.f. The confidence cofficient is the rela- 

tive frequency with which the confidence interval will contain 

the true c.d.f. (in the sense that if many estimates of the 

c.a.f. are made, the corresponding confidence intervals asso- 

ciated with these estimates will contain the true c.d.f. in a 

proportion of times equal to the value of the confidence coef- 

ficient). Thus, a (i - r\)%  confidence interval for the c.d.f. 

means that, on the average, the confidence Intervals associated 

with many estimates of the c.d.f. will encompass the true value 

of the c.d.f. (1 - T)# of the time. 

Just as point-by-point estimates have been made for the 

Weil all c.d.f., it is also possible to construct an Interval- 

D;.-interval confidence band. If the transformation V^  - Ffd^) 
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I 3 applied to a set of ordered observations d-^ < d2 < . .   . < d 

that are randomly drawn from a single density function, then it 

can be shown that the p.d.f. of Y, is the following beta 

distribution: 

«*' ■ -Sfffe-' ~w 
where p=i, q=n+l-i, and 0 < y± < 1. 

The c.d.f. of Y^ denoted by H(yi), is the incomplete beta function 

H(yi) = Iyl(p,q) =  I h(x)dx 

o 

Consequently, by solving Iyl(p,q) for various percentiles, 

it is possible to obtain interval estlinates for Ffd^), i ■ 1, 2, . , 

n. More specifically, the upper and lower confidence limits for 

a confidence coefficient of 100(1 - T\)$ are, respectively (see 

Ref. 6): 

U(yi) = Hyi^tl - n/2) 

L(yi} * Hyi"1(n /2) 

Tables of the incomplete beta function are required for 

solving lyi(p,q). The incomplete beta function tables contain 

only those values of I (p,q) for which p is equal to or greater 
«y 

than q. If a value of Iy(p,q) is required in which p Is less 

than q, the following relationship can be employed: 

Iy(p,q) - 1 - ^.y^'P) 

The failure data tabulated In Table VII and presented In 
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F i -,ure 12 are used to illustrate the construction and use of 

both 1- and 2-sided confidence intervals. The working data 

pertinent to the construction of the confidence intervals are 

tabulated in Table VIII. To illustrate the techniques involved 

in calculating the elements of Table VIII, elements in row 8, 

column 2 and row 3* column 1 will be evaluated, 

Table VIII 

CONFIDENCE INTERVALS FOR THE 2N718A TRANSISTOR DATA 

Rank 90# 80# 80#      ! 
i Two- 

L(yt) 
Sided 

u(yi) 
Two-Sided 

L(yt)  ü(y1) 
One-Sided 

L(yt)  u(yi) 

1 0.005 0.206 0.010  0.206 0.022  0.149 

2 0.036 0.39 0.054  0.34 O.O83  0.270  i 

3 

: *» 

O.O87 0.51 0.115  0.45 

0.177  0.55 

0.158  0.38  ! 

0.239  0.48 0.150 0.61 

\    b 0.222 0.70 0.267  O.65 0.33  O.58 

1  6 0.30 O.78 0.35   0.73 0.42   0.67   | 

!  7 0.39 O.85 0.45   0.82 0.52   0.76 

1  8 
0.49 0.91 0.55   0.89 0.62   0.34 

•  9 i  0.61 O.96 0.66   0.95 0.73   0.92 

i 10 0.74 1.00 0.79   0.99 O.85   0.98 

For Row 3, Column 2, the lower limit of the 2-3lded 80$ 
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confidence interval  for F(do)  is: 

L(y8) = HyQ-^O.lO) = ly8
_1(8,3) 

p =  i = 8,    q = n+l-i = 3 

and may be solved for by using a table of incomplete beta func- 

tions. In this case, Table I of Reference 9 gives the solution 

of IyQ(8,3) at the 0.10 level to be yQ - 0.55, as shown in 

Table VIII. For row 3, column 1, the upper limit of the 2-sided 

90%  confidence interval for F(d~) is 

U(y3) = Hy3"
1(0.95) = Iy3" (3,8) 

P - i - 3, q«n + l-i-8 

This expression is not in Reference 9 per sej however, it may be 

solved by using the previously stated identity, 

Iy3(3,8) = 1 - I1-y3(8,3). 

Table I of Reference 9 gives the solution of I1ä ^(8,3) at the 

0.95 level to be (l - yJ - 0.493 or y3 - 0.507, as shown in 

Table VIII. 

Figure 16 illustrates the 2-sided confidence intervals. 

Note that these intervals extend from the points Ffd^ equals 

l/(n + l) to n/(n + l); in this case, with a sample size of 10, 

the range is from 0.09 to 0.91. Within this range, the confi- 

dence intervals may be used to make the following type of 
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confidence statement: 

80$ Confidence 

0.80 ift[d - 1.5 x 104 rad(c)] iO.99 

Tnat is, it can be stated with 80# confidence that the probaoility 

is between 0.80 and 0.99 that a 2N718A transistor will not fall be- 

cause of radiation effects when subjected to a gamma dose of 

1.5 x 10 rad(C). In most cases, it is not the reliability 

interval that is of primary interest; instead, it is the lower 

limit, beyond which the reliability is greater than some specified 

value for a prestated confidence level. This leads to the 

consideration of 1-sided confidence intervals, as illustrated 

in Figure 17. Also, the 1-sided confidence intervals will allow 

for a somewhat greater reliability statement at the same confi- 

dence level. For example, by using the 1-sided confidence 

intervals, it can be stated with 80# confidence that the radia- 

tion reliability of a 2N?l8A transistor is at least O.87 if it 

is not subjected to a total gamma dose of more than 1.5 x 10 rad(C) 

For reliabilities greater than 1 - l/(n + l), the tempta- 

tion arises to contir :e (that is, extrapolate) the confidence 

limits, as illustrated by the dashed lines in Figure 17. However, 

it should be recognized that the accuracy achieved by extrapo- 

lation of any experimentally determined function beyond the range 

over which it was determined is highly questionable. 

e. Estimation of Failure«Rate Functions 

This subsection presents the techniques and problems asso- 

ciated with two different approaches to ehe estimation of failure- 
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rate functions. These two approaches involve (l) the previously 

considered failure-rate model and (2) a failure-rate multiple - 

regression analysis. 

(l) Factorial Experiments in Radiation Testing 

The procedure employed for estimating the failure-rate function 

g(t), discussed in Section Il-lb, is the determining factor of 

this model's eapabilit'es. If the required set of factorial 

experiments is performed  BO that the main effects (chance and 

radiation rate, ranging over the spectrum of interest) of each 

factor (chance, radiation rate, and the effects of the interaction) 

can be determined, this model can be very useful (Ref. 10). 

A common procedure in radiation life-testing is to accelerate 

the failure of components by testing at an extreme radiation 

dose for a short period of time and then attempting to extrapolate 

the accelerated test data back to what would be the regularly 

encountered operating conditions.  If the criterion for accele- 

rated testing can be met - that is, the interaction effect 

l(tc,tR) la zero - the model is additive. This is equivalent 

to saying that the effects of radiation-induced failures can be 

evaluated Independently of the effects of chance failures, and 

vice versa.  This would be a highly desirable property, for 

radiation effects and reliability experiments have net been con- 

ducted together in any large experimental program. Consequently, 

most of the data available fall Into one of two categories: 

(1) radiation effects (reliability not considered) or (2) rella- 

ollity (radiation effects not considered). These data consist 

of  experimentally determined lifetime distributions for similar 
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components operating in a normal environment and in a radiation 

environment. Because of the high dose rate and the short time 

span upon which the irradiation lifetime distributions are based, 

the contribution of time or chance failures to the failure 

distribution is most generally assumed to be insignificant. There 

fore, the empirical failure distributions are a function of either 

time or radiation effects, but not both. Assuming the additive 

property can be demonstrated, the failure-rate model becomes 

F(t) = 1 - expj- J   [gl(x;C) + g2(x;R)] dx 

where the failure rate components g,(t;C) and g2(t;R) are deter- 

mined independently of one another. The general procedure followe 

in this case is outlined below. 

The failure distribution of the equipment operating in a 

normal environment and consequently subject to chance failures 

only is determined; that is, the failure rate of the following 

model is determined: 

'   > 1 
-  / gx(x;C)dx F(t) = 1 - exp (Chance failures only) 

Similarly, the failure distribution of the equipment is determined 

wh'»n it is subject to radiation failures only, i.e., the failure 

rate of the following model is determined: 

F(ct) « 1 - exp - j  g2(x;R)dx (Radiation failures only) 

L  o 

Suppose, on the basis of the independent experiments, the exponent 

distribution {  5  ■ l) and the Weibull distribution (3 > l) are 
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found to be appropriate for representing the chance and radiation- 

effects failures, respectively.  The independently determined 

failure rates are then 

SjU) = 1/a 

ß-1 
>2 (d) = ß(d - y)        /a, 

where t and d represent the variables time and total dose, respec- 

tively.  To express both failure rates as a function of time 

only, the parameter average radiation rate, r, is introduced and 

;2(d) becomes 

S2(t) = 3(rt - yf'1/ a2 

By combining the two failure rates and integrating the exponent, 

the combined failure distribution is expressed as a function of 

time only, with the average radiation rate included as a parameter: 

P(t) = 1 - exp 
9 

-t/ a  - (Ft - y)     /a. 

Once again this approach i ; applicable only when the failure 

forces are additive, i.e., independent of one another. 

(2)  Failure Rate Multiple Regression Analysis 

To date, practically all of the studies in the radiation- 

effects reliability area have followed the general approach out- 

lined uelow. 

1. Various probability density functions are postulated 
(on the basis of logical deduction, empirical goodness 
of fit, and ease of analytical considerations) as 
being the underlying failure distribution. 

2. Once a specific failure distribution is postulated, 

70 



the problem is reduced to one of estimating the 
parameters of that distribution. 

This procedure is, of course, only as good as the accuracy of 

the postulated failure distribution. No amount of effort 

expended in the parameter estimation phase can improve the 

accuracy of the final results if the hypothesized failure 

distribution is in error. Ironical as it may be, among the 

existing studies on radiation reliability, the parameter esti- 

mation phase is treated mure diligently than the distribution 

selection phase. 

In some situations it is reasonable to postulate a simple 

mathematical form of the failure distribution and consequently 

reduce the problem to that of estimating its parameters. However, 

this requires either a special knowledge of the physical proper- 

ties of the materials involved or extensive empirical data. 

As one possible means of analyzing the radiation effects relia- 

bility data, the following failure-rate multiple-regression 

technique is introduced. 

Consider the reliability model 

R(d) exp - [ g(x)dx 
0 

d 1 0 (6) 

where g(d) Is any function such that 

R(0)  - 1 (7a) 

R( - ) - 0 (7b) 

R'(d) 10, diO                (7c) 

By Integrating the exponent, It la aeen that the reliability 
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function may be expressed in terms of the failure-rate function 

as 

R(d) = e-y(d) (8) 

where y(d) is the integral of the failure rate g(d). 

The failure-rate regression approach defined hierein does not 

specify the exact form of the underlying failure distribution. 

It only assumes (l) that there exists a transformation, y(d), 

which transforms the random variable failure dose into a random 

variable that is exponentially distributed and (2) that transfor- 

mation y(d) can be approximated by a polynomial of relatively 

low degree. 

Prom Equations 7a, 7b, and Jc,   it is seen that the following 

conditions are imposed upon the polynomial y(d): 

y(0) = 0 (9a) 

y( ■ ) ■ - (9b) 

Y»(d) 10,    d L 0 . (9c) 

Taking natural logrithms of the reliability model, Equation 8, 

and approximating y(d) with a polynomial of degree J results in 

2 1 
-In R(d) = bQ + bxd + b2d + ... + bjd° .      (10) 

The problem is now that of determining the appropriate degree 

j and the coefficients b,(i ■ 0, 1, ..., j) of the polynomial 

in Equation 10. These unknowns are to be determined by means of 

a multiple-regression analysis based on radiation-effects 

reliability test data. Estimates of R(d) are obtained by taking 

72 



R(d) to be 1 minus the percent of sample elements failing on 

or before dose d, i.e., 

R(a±) = l - p(d±) 

The technique defined herein for determination of y(d) is to 

initially impose only condition 9a upon the polynomial, apply 

standard regression techniques, and accept only those solutions 

for which conditions 9b and 9c are also satisfied.  Condition 

9a, y(0) = 0, implies that bQ = 0. Thus, 

y(d) = bxd + b2d
2 + ... + b d 

and the determination of y(d) requires the fitting of a multiple 

regression equation that is forced through the origin. 

Consequently, the reliability model based on this technique 

is 

I P 1 
R(d) = exp -(b1d + b.,d + ... + b,d ) d L  0 

where the degree of the polynomial j and the coefficients b, 

(i = 1, ..., j) are determined from a statistical multiple- 

regression analysis. 

(3) Numerical Example 

The multiple-regression technique of failure-rate estimation 

Is applied herein to a set of 2N718A transistors tested in a 

radiation environment.  For convenience in handling, the raw 

data have been coded so that 1 unit equals 10 rad(C).  A linear 

plot of the failure data in Table IX (3ee Fig. 13) and the fact 

that the graphical estimate of the Weibull shape parameter for 
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Table IX 

VARIABLES AND NORMAL EQUATIONS 
OP THE  REGRESSION ANALYSIS 

Rank 
Number 

i 

R( d1) Re£ ;resslon Variables 

-In R(dx) di 
2 

dl «i3 

-- 1.00 0.0000 0.00 0.00 0.00 

1 0.91 0.0943 1.39 1.9321 2.6856 

2 0.82 0.1985 2.48 6.1504 15.2530 

3 0.73 0.3147 2.58 6.6564 17.1735 

» 0.64 0.4463 3.50 12.2500 42.8750 

5 0.55 0.5978 3.55 12.6025 44.7389 

6 0.45 0.7985 3.60 12.9600 46.6560 

7 0.36 1.0217 4.30 18.4900 79.5070 

8 0.27 1.3093 4.40 19.3600 85.1840 

9 0.18 1.7148 5.30 28.0900 148.8770 

10 0.09 2.4080 5.76 33.1776 191.1030 

N ormal Equations to be Solved 

151.6690bx   +    6 74 0530b2   + 3,l69.2063b3   » 41.1069 

674. 0530bx+ 3,1 69 206l*2 -1- 15,548.5576b3   - 199.1470 

3,169.2063^+15,5 48.5576b2 +78,813.8073b3   «   1, 000.0543    ; 
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this set of data Is 3 = 2.5 suggest that the approximating 

polynomial should be of degree 3 or less.  Consequently, the 

coefficients for a cubic equation that is forced through the 

origin will be determined and the appropriate test of significance 

will be performed. 

The cubic multiple-regression equation based on the data of 

Table IX is 

y(d) = 0.00l8d + C.0173d2 + 0.0092d3 (ll) 

Tne error mean square associated with this equation is 0.0029. 

The pivotal method (Ref. 11) was employed to solve the normal 

equations of the regression analysis (see Table IX). One of 

the purposes of the analysis is to determine the appropriate 

degree of the polynomial; this requires an anaiysis-of-variance 

for which the pivotal method provides the required information. 

Another advantage of the pivotal method is that It successively 

fits the dependent variable and, if an analysis-of-variance 

finds the jth degree to be insignificant, then no additional 

computation is necessary to obtain the coefficients for the poly- 

nomial of degree J-l. 

If the assumptions basic to the standard multiple-regression 

analysis are valid - that is, 

1. The variance of the error is approximately constant 
(independent of the controllable variables) 

2. The errors for the different observations are statis- 
tically Independent, and 

3. The error distribution is approximately normal - then 
approximate tests of significance can be made by use of 
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tne data obtained from the pivotal method of solving the 
normal equations. The Information required is presented 
in Table X. 

Table X 

ANALYSIS OF VARIANCE 

Source of 
Variation 

Sum of 
Squares 

Degrees of 
Freedom 

Mean 
Square 

F 
Ratio 

d 
(linear) 

1.7112 1 1.7112 1.7112 _ 
0.0029 

590 

d2 after d 
(quadratic) 

9.57^6 1 9.57^6 9.57**6 _ 
Ö.6629 " 3,302 

d-^ after d 
and d2 

(cubic) 

1.5322 1 1  COA 

1.5322 = 
Ö.ÖÖ29 528 

Error 0.0206 7 0.0029 

Total 12.8386 10 F 
99^(1,7) = 

12.25 

Of primary interest is the determination of the appropriate 

degree of the approximating polynomial.  The tabular value of an 

F raUo for one and seven degrees of freedom at the 99# level of 

significance is 12.25. Comparing this to the F ratio in Table X 

for the cubic effect gives evidence at the 99# level that b^/ 0 

and, nence, the cubic term is significant. 

A check of Equation 11 reveals that conditions 9b and 9c are 

also satisfied. Consequently, the reliability model based upon 

the failure-rate regression technique is 

R(d) = exp [- (O.OOiBd ♦ 0.0173d2 + 0.0092d3)],  ö L 0 
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Figure l8 illustrates graphically the goodness-of-fit of 

this reliability model. 

(4)  Further Considerations 

The analysis-of-variance indicated that the cubic term of 

the polynomial, y(d), was statistically significant at the 99# 

confidence level.  However, for illustrative purposes, results 

of the linear and quadratic equations, also acquired from the 

regression analysis, are presented and compared to the cubic 

equation in Figure 19. This comparison graphically Illustrates 

the increasing improvement in the goodness-of-fit of the reliability 

model with the inclusion of higher-order terms in the approximating 

polynomial. 

In the regression analysis technique of reliability estimation, 

which has been presented herein, the only restriction imposed 

upon the polynomial y(d) before the regression analysis is per- 

formed is y(0) - 0, which implies bQ « 0.  With this single 

restriction, the standard techniques of multiple regression may 

be employed to determine y(d). However, this single restriction 

on y(d) is not sufficient to ensure that all necessary conditions 

upon y(d) are met.  In the case of tne cubic equation, all of 

the coefficients obtained from the regression analysis were positive, 

and the solution of y(d) was such that the additional conditions 

on y(d) - that is, 9b and 9c - were also satisfied. 

However, in the case of the quadratic equation, the regres- 

sion analysis gave one negative coefficient, and, as a result, 

condition 9c, below, is violated: 

y'(d) 10     all d L 0. 
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Figure 19 illustrates the effect of this violation upon the 

reliability model in the interval Old 11.25.  That is, it 

produces a reliability function with a positive slope and a 

reliability estimate greater than 1, and both are, of course, 

impossible.  This example illustrates the necessity of verifying 

that any equation obtained from this procedure also satisfies 

conditions 9b and 9c.  If the equation obtained from the standard 

regression techniques does not satisfy the additional conditions 

°>b and 9c, it must be rejected or adjusted so that it will not 

effect such a violation. 

There is a modification of the standard multiple-regression 

analysis which assures that all necessary conditions on y(d) 

are met with the first determination of the polynomial.  This is 

accomplished by placing the following conditions upon the coef- 

ficients of the polynomial, 

b = 0 
o 

d I 0 

and modifying the repression procedures so that these conditions 

will be met, and, consequently, the conditions 9a, 9b, and 9c 

will be satisfied.  The techniques of this modified regression 

procedure are presented in an article wr.tten by Krane (Ref. 12). 

3. The  Exponential Assumption 

Tne estimates of the Weibull ^hape parameter, ft, obtained 
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in this study for transistors, diodes, and capacitors operating 

in a radiation environment are predominantly greater than units 

(6=1 bein:; the exponential distribution).  Others have made this 

observation on the same and other classes of electronic devices 

operating in various environments; for example, Kao (Ref. 13) has 

found that for a certain class of electron tubes a value of 1.7 

may be quite appropriate. ARINC (Ref.14) concludes that estimates 

of ß for the transistor types studied in 1,000-hr life-tests are 

predominantly less than unity. Even with evidence that ß  is not 

unity, the exponential assumption is still used.  This study 

hypothesizes that any "good" estimate of ß will certainly be 

better than the total acceptance of the exponential distribution. 

The only legitimate question that can be raised in opposition 

to this philosophy is the desirability of past data from which Q 

has to be estimated. However, these data are becoming more 

numerous and available from past records of companies that are 

en-a^ed in similar types of research. 

When the exponential distribution is assumed, in lieu of 

radiation reliability test data in sufficient quantities to 

statistically determine the true value of 3, it is supposedly 

justified upon the following bases: 

1. There exist experimental data which support the 
exponential distribution as the lifetime distribution 
for similar components operating in a nonradlation 
environment. 

2. The exponential distribution is a conservative assump- 
tion when the alternative is a Weibull distribution 
with 3 > 1. 

T/ie nomenclature  "conservative assumption" is derived from trie 
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fact that if the underlying failure distribution is a Weibull 

distribution with ß> 1, rather than the assumed exponential, 

stronger probability statements could be made.  That is, for any 

given set of test data, the reliability estimates from the data 

will be less if the underlying failure distribution is exponential 

than it would be if the underlying distribution were Weibull 

with 3> 1; thus, the exponential assumption, if in error, results 

in conservative probability estimates. While this philosophy 

can be viewed as being conservative in its reliability estimates, 

it can also be said that it is extremely erroneous in the state- 

ment of true test errors if the assumption is false. The compari- 

son of reliability estimates for 3 * 1 and ß> 1, along with the 

problem of rejecting reliable equipment because of an erroneous 

exponential assumption, is now considered. 

a' Comparison of Reliability Estimates (ß ■ 1 vs g> l) 

The effect of erroneously accepting the exponential (ß - l) 

as the underlying failure distribution when it is in fact a 

Weibull distribution (9 > l) can be illustrated by comparing the 

reliability estimates obtained from actual test data under each 

of the failure distributions. By selecting the method of moments 

as the means of parameter estimation, it can be shown that for 

any given set of test data, the distribution ß > 1 yields higher 

reliability estimates for all reliabilities greater than O.368 

than the distribution 0=1 (Ref. 15). 

The Weibull distribution (7  » 0) is defined as 

f(t) = -Si 
9-1       r      I 

exp 
J 
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Using the method of moments for parameter estimation requires 

that the two equations 

A 

t = ä1/& r(i + l/l ) 

and 
2   ^2/& 

s = a ' r(i + 2/3) - r2(i + 1/p) 

be solved simultaneously for the estimates of a and ß [see 

Section II-2c(l)j.  However, if the value of 3 is known, the 

estimate of a    can be expressed as a function of the sample mean 

only: 

a  = [t/r(l + 1/ß)] 

In this situation, the a estimates for 3 = 1 and 3 > 1 are respec- 

tively, 

.x-t 

& 
«2 - l t/P ] 

where p is a fraction greater than zero but less than 1: 

p = r(l + 1/3) 

To determine which distribution results in the highest 

reliability estimate for any set of experimental data, compare 

the exponents of the following reliability models, which represent 

the 3=1 and 3 > 1 cases, respectively: 

R(t) = exp (-t/i 1),      0=1 

R(t) = txp (-t V a2),     3 > 1 
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For ß = 1 For ß > 1 

(t/^) (tß /a2) 
substituting for ar 

(-4—) \^r 
(For tit) 

t 

t (P -J-) 

Consequently, for any set of test data, the reliability estimates 

for 0 = 1 are less than the similar estimates for ß > lx i.e., 

exp -(pt/t ) I exp (-t/€), for t 1 I 

Thus, if for a given test result the method of moments is 

used for estimating the lifetime parameter a,  the weibull relia- 

bility function, ß >1, will result in a higher reliability estimate 

than the exponential reliability function, 3*1, for all relia- 

bilities greater than exp (-1) - O.368.  It is on this basis 

that the exponential assumption is termed conservative. 

b. The Robustness of Life-Testing Procedures 

In the area of experimental design and subsequent testing 

programs, It is often necessary to make various assumptions 

regarding the nature of the phenomena under study. When data 

analysis is based upon such assumptions, one of the following 

courses of action should be pursued: 

1. The assumptions should be verified either analytically 
or experimentally. 

2. The sensitivity of the analysis to the underlying 
assumptions should be revealed.  (Some statistical 

84 



procedures are very Insensitive to departures from 
the oasic assumptions.  This highly desirable quality 
is termed "robustness.") 

In this study, it was not possible to follow the first course 

of action.  Consequently, the sensitivity of the reliability 

analysis to the commonly assumed exponential distribution must 

be determined. 

To illustrate the sensitivity of a radiation reliability 

testing program to an erroneous exponential assumption, a compari- 

son of experimental testing errors is presented. The comparison 

is between the ß - 1 assumption and the case when ß is in fact 

greater than 1. 

(l)  Experimental Testing Errors 

In life-testing programs, the decision of whether or not to 

accept the equipment in question as being reliable is based upon 

a set of statistics obtained from the test data. The possible 

outcomes of a life-testing experiment and the consequences of a 

decision made are presented in Table XI. 

Table XI 

POSSIBLE OUTCOMES OP A TESTING PROGRAM 

Decision:  Based 
Upon Test Statis- 

tics 

Unknown to the Experimenter 
the Equipment is: 

Reliable Unreliable 

i  Accept Equipment as 
5ein^ Reliable 

Reject Equipment as 
Being Unreliable 

Correct Decision 

(Type I Error) 

(Type II Error)  1 

Correct Decision 
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Examination of Table XI reveals that two different types of 

errors can be committed: 

Type I error - the rejection of reliable equipment 

Type II error - the acceptance of unreliable equipment 

"Reliable equipment" is defined to be equipment that has a 

specified probability p of exceeding a particular mission duration 

t0. That is, if R(tQ) >^ p, the equipment is reliable; if not, 

the equipment is unreliable. 

Obviously, for a testing program to be of any significance 

the magnitude of the Type I and Type II errors must be controlled 

by the experimenter. Let r\  and i  represent the probabilities 

of committing a Type I error and a Type II error, respectively. 

The ideal testing program would be one In which the size of both 

r\    and £ are an absolute minimum.  Unfortunately, these two 

errors work in opposite directions:  for any fixed sample size, 

changing the decision criteria to decrease the probability of a 

Type I error increases the probability of a Type II error, and 

vice versa. 

However, by consideration of the resources available and the 

relative seriousness of the Type I and Type II errors, it is 

possible to determine the most acceptable ratio between the 

sizes of the two errors. On this basis, it is possible to estab- 

lish the maximum rj and C that can be tolerated and to design 

the test program so that these maximum values will not be exceeded. 

The most commonly used procedure for determining a reliability 

life-testing program tnat will meet the particular J\  and C 
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specification is as follows: 

1. Assume that the underlying failure distribution is 
some form of the exponential distribution. 

2. Define reliable equipment and unreliable equipment. 

3. Select the desired type of the life-test:  (l) fixed 
sample size, (2) truncated replacement and nonreplacement, 
or (3) sequential, 

4. Using the relationships and/or tables given in Reference 
16, look up the test plan specifications that will give 
the desired T\   and £ . 

(2)  Reliability Expressed in Terms of Mean Life 

Associated with each test plan is an operating characteristic 

(O.C.) curve, which expresses the probability of accepting the 

equipment as a function of some population parameter. When 

dealing with reliability estimation, the population parameter most 

commonly employed in the O.C. curves is the mean lifetime. 

One recommended procedure (see Ref. 17) for exponential life 

testing is to design the test so that (l) reliable equipment will 

ue rejected 10$ of the time and (2) unreliable equipment will be 

accepted 10% of the time (i.e.,Ti = £ -  O.l), where "reliable 

equipment" is defined as equipment that has a mean life a 1 m 

and 'unreliable equipment" is defined as equipment which has a 

mean life aim/2,  Suppose that the equipment design goal is a 

mean lifetime of 1,000 hr. For the exponential distribution, this 

is equivalent to the design goal of a reliability for 10^ ar 1 0.90, 

or R(10p) i 0.90.  U3ing the 11fe-testin: plan described above, 

"reliable equipment" is defined to be that equipment for which 

trie mean life Is equal to or greater than 1,000 hr, and "unreliable 

equipment" is that for wnicn the mean life is equal to or less 
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than 500 hr. Thus 

0.1 - r\ =>  Pr(reject equipment/a « 1,000 hr)      (12) 

0.1 » K  - Pr(accept equipment/a » 500 hr)        (13) 

If a fixed-sample-size test procedure is to be used for the 

life-testing program, the only parameter to be determined is the 

sample size n. The conditions expressed in Equations 12 and 13 

will be satisfied if the sample size n is taken to be the smallest 

interger, so that 

X2lM,(8n)A{ (2n) L 1/2 

where X* - (2n) denotes the lower r)  percentile of the chi-square 

distribution for 2n degrees of freedom, and n equals the number 

of failures. 

The rule for accepting or rejecting the equipment as being 

reliable is based on the test statistic a. Given 

a » - V t± and C - 1,000 X^ (2n )/2n 
n i^ 1 

accept the equipment if a i C and reject the equipment if a < C. 

To meet the specifications of Equations 12 and 13, n must be equal 

to 1U  and, consequently, C - 676. A complete discussion of the 

life-testing procedures is given in Reference 16. 

The O.C. curve for this testing plan is presented in Figure 20. 

If the underlying failure distribution is exponential, as assumed, 

the correct test error probabilities are taken from the O.C. curve 

for 3-1; if, however, the failure distribution is Weibull 0 > 1, 

the error probabilities are given by the appropriate O.C. curve 

for which 3 > 1. The O.C. curves presented in Figure 20 were taken 

from Reference 17. 
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(3) Reliability Expressed in Terms of a Percentlle 

The O.C. curves of Figure 20 are presented as a function of 

the equipment mean lifetime. However, expressing reliability 

in terms of mean lifetime can be misleading when distributions 

other than the exponential are compared. To illustrate this, 

express the Weibull reliability function 

R(t) - exp(-tß /a) y  = 0 

as a function of the mean lifetime M... Since 

H = a1/t3 r(l + i/e ) 

then R(t) = exp[- tr(l + l/ß)/(i] 

Tne minimum mean lifetime for which the reliability R(t) is equal 

to or greater than p is 

n - t r(i + l/ß)[-ln R(t)] 

Consequently, the minimum mean life values for which R(l05) 1 0.90 

(the previously stated design goal) are 1,000 and 287 hr for 

0 »1 and 0 ■ 2, respectively. 

Obviously, when comparing the exponential distribution with 

Weibull distributions (9 > l), mean lifetime specifications are 

not sufficient. Therefore, it is suggested that reliability 

specifications be given in terms of percentiles or a particular 

point on the reliability curve, rather than mean Uptimes. This 

leads to the construction of O.C. curves as a function of actual 

reliability rather than the misleading mean lifetime. Such an 
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C.C. curve will then express the probability of accepting the 

equipment under the test plan as a function of the equipment's 

actual reliability for some given time, t , rather than as a 

function of m*an lifetime. 

As an illustrative example, the O.G. curves of Figure 20 

are redrawn as a function of equipment reliability rather than 

the mean lifetime, where reliability is defined to be the proba- 

bility of the equipment's life exceeding 105 hr (see Fig. 21). 

The effect of the "conservative" exponential assumption upon 

life-testing errors is illustrated by the O.C. curves of Figure 21 

It is seen that for the 6 = 1 curve, the probability of rejecting 

equipment with a 90$ or greater reliability is equal to or less 

than 0.1, and the probability of accepting equipment with a 

reliability of 80$ or less is equal to or less than 0.1; that is, 

r\    = r, = .1.  These are the specifications for which the test 

procedure was designed, based upon the exponential assumption. 

However, if the exponential assumption is in error and the failure 

distribution is actually Weibull with, for example, 9=2, the 

probability of rejecting equipment with 90%  reliability is 

approximately 1 and the probability of accepting equipment with 

3G# reliability is approximately zero; that is, if 0 = 1 Is 

assumed, but unknown to the investigator, 3 » 2, then the 

testin: errors are T\ ~  1 and C afO,  Further, if the exponential 

assumption is false (i.e., 3-2) and the actual reliability 

Ls In the range 0.90 to 0.95, the probability of accepting it 

as reliable equipment ls virtually zero, when In fact it is 

r.ore reliable than the original specification called for (i.e., 
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R(105) 1 0.90).  Even with a reliability as high as 0.98, there 

is only a 0.75 probability of accepting that equipment as being 

reliable under this test plan, which is based on a false exponential 

assumption. 

The problem above considered only a single case ( p = 1 vs 

P = 2); however, it should be recognized that the same general 

relationships hold when the exponential distribution is compared 

with any Weibull distribution (p > l).  The contrast between the 

O.C. curves, presented as a function of mean life and as a 

function of reliability [R(tQ) i p] , will be a minimum for P = 1 

vs ß=l+6 and will steadily increase as € increases. The 

problem above is the special case for which € = l. 

In conclusion, the effects of an erroneous exponential 

assumption upon (l) life-test reliability estimates and (2) experi- 

mental testing errors, when in fact the true failure distribution 

is Weibull (P > l), are (a) that the reliability estimates based 

upon life-test data are understated and (b) that the subsequently 

designed life-testing programs have a high probability of 

rejecting reliable equipment, 

c. Discussion 

The following discussion is a brief review of the limitations 

of the statistical failure data analysis performed herein. 

When dealing with small sample sizes for determining the 

"best" failure distribution to represent the data, there are no 

statistical tests which are powerful enough to discriminate 

between all possible a priori distributions. 

There is no analytical solution to the problem of placing 
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confidence limits upon the Weibull shape parameter, ß , when 

the population parameters are unknown. To design a test program 

with specified testing errors (Type I and Type II) requires a 

knowledge of the underlying failure distribution. For the 

Weibull distribution, ß must be known within limits. Pre- 

liminary studies employing Monte Carlo techniques have been 

conducted to determine the distribution of a and ß for the 

Weibull distribution (Ref. 14). 
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SECTION III 

DATA ANALYSIS 

The preceding section set forth the basic concepts of statisti- 

cal analysis and discussed analytical models that can be used to 

describe radiation reliability relationships. This section was 

performed concurrently with the mathematical models section, but 

the significance of the results presented here can best be realized 

with an understanding of the basic statistical techniques and mathe- 

matical considerations described in Section II. 

The initial approach to the problem of obtaining data for this 

study was to determine which subsystems, circuits, and components 

would be used in the proposed systems utilizing nuclear auxiliary 

power and then to collect data on these items. However, it was 

soon discovered that a more practical approach was to first collect 

the very limited nuclear component data that had sufficient sample 

sizes. After the usable nuclear data were found, the corresponding 

life-test nonradiation reliability data were obtained from the 

manufacturer. The bulk of the radiation data was from the NARF- 

Lockheed Missiles and Space Company (LMSC) tests. 

The data were treated by various methods of analysis to determine 

their sensitivity to various environments and to evaluate their 

characteristics relative to various statistical parameters, such 

as failure-distribution functions, failure criteria, sample sizes, 

mean time to failure, and test duration. The most qualified data 

found in the data analysis were used in the preceding mathematical 

models study. 
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1. General Procedures 

a. Treatment of Raw Data 

Analysis and interpretation in the sensitivity analysis rely 

heavily upon rank methods (Refs.18, 19, and 20) because the data 

available are not sufficient to Justify an assumption regarding 

the underlying failure distribution. Although rank methods do not 

fully utilize the information contained in the data, they are ad- 

vantageous because they are easy to apply and application of the 

methods does not require any assumption concerning the form of the 

sample dlstribution(s). 

It must be noted that statistical (rank) methods determine only 

the statistical significance of the difference between the sets of 

data. An effect may be statistically significant and be of no 

engineering Importance. When an effect is termed not significant, 

it does not necessarily mean that there is no effect. It may be 

that the experiment was not sensitive enough to detect an existing 

SIx 30u . 

The significance tests and probability statements based on rank 

methods for evaluating the effects of different environments are 

used In this study with the knowledge, of course, that many of the 

experiments may not have been conducted in the manner implied by 

the significance tests. That is, randomization procedures may have 

been violated and the conditions analyzed may not have been the 

actual objectives of the experiment. Therefore, any seemingly 

significant outcome that was not taken into account in advance of 

performing the experiment can only suggest a new experiment. It 
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follows that an experimenter who does not anticipate any conclusions 

at all, but merely waits to see what will turn up in the data, 

cannot support any conclusion whatever by a probability statement, 

b. Failure Criteria 

Only catastrophic and degradation failures are considered in 

this report. Degradation failures occur when the gradual change in 

a measured characteristic exceeds some specified upper or lower 

limit(s). One failure criterion is sufficient for catastrophic 

failures, but not for degradation failures. A realistic degradation 

failure criterion is actually dictated by the use of the device; 

therefore, more than one failure criterion was considered for com- 

ponent degradation failures. 

In a reliability investigation, it is the observed failures 

that constitute the data for an analysis, not the number of units 

tested. In most instances, ]£00-hr life-tests produced too few 

failures for an analysis, even though from 100 to 300 units were 

used. Most of the reliability plots of life-test data are the re- 

sult of using a more severe failure criterion than that used in the 

life-test specifications. This was done to create some failures by 

definition and thus gain an insight into the reliability of life- 

test data. In some cases, the estimated failure rate quoted by the 

manufacturer, along with the exponential assumption, is considered 

for comparison purposes. This approach is used for the radiation 

data analyzed on a reliability basis. When there are no radiation 

degradation and/or catastrophic failures, the data are not considered 

in the analysis. 
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c. Presentation of Data 

The radiation reliability data are presented predominantly 

as Weibull plots. This form of presentation was chosen on the basis 

of its use in other related fields of failure analysis and the known 

versatility of the model and its corresponding graph paper for pre- 

senting reliability data. A detailed explanation of the tfelbull 

failure distribution and its use is presented in Sections II-lc 

and II-2. 

2. »Sensitivity of Temperature and Correlation Coefficient 

Table XII contains radiation-temperature data from the NARP- 

LMSC tests on gain, hpEi for 2N1613 transistors. Column 1 contains 

the initial hTO values for radiation test temperatures of 86° and 
o 

140 F. Column 2 contains the rank serial numbers 1, 2,  3,... 

assigned to the actual gain values in column 1. The lowest gain 

value is assigned a rank of 1, the next highest a rank of 2,  etc. 

Since the hpg values corresponding to the 4th and 5th rank numbers 

are the same (38), both are assigned the median rank value of 4.5. 

Column 3 1B the recorded gamma dose at which the corresponding transis- 

tor gain changed 4o£ from its Initial value (failure criterion: 

-40$ change in h—). Column 4 contains the ranks of the gamma 

doses in column 3* Column 5 contains the gamma dose at which the 

transistor gain decreased to 20 (failure criteriont    minlmun hpg 

«20). Column 6 contains the ranks of the gamma doses In column 5. 

A significance test based on rank methods was performed on the 

ranked temperature data in columns 2,  4, and 6. The sum of ranks 

for the 86°F data was compared with the sum of i*rks for the 140°F 
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data within each column to determine, on a probability basis, 

whether the observed differences in the sums were due to a signifi- 

cant temperature effect or to chance (not significant or no detect- 

able temperature effect). Prom the results of these tests it 

was concluded that there were no significant temperature effects 

that could be statistically determined from the observed data. 

Thus, the radiation temperature data were combined and plotted 

as Weibull plots in Figure 22. 

Estimates of the rank correlation coefficient, rf, were also 

determined from the ranked data in Table XII to show the associa- 

tion between (a) the initial hpE and the radiation-induced failure 

at the ith gamma dose effecting the 40#-change failure criterion, 

r'| and (b) the initial hFE and the radiation-induced failure at 

the ith gamma dose effecting the minimum hp„ * 20 failure criterion, 

r*. This rank correlation method is used to estimate the corre- 
2 

lation between the positions or ranks of each pair of observations. 

The ranks are assigned from lowest to highest when the observa- 

tions on each variable are arranged in order of magnitude. This 

method is useful as a rapid test of the association between 

two variables and is generally satisfactory when applied to data 

of this type because it is nonparametric - i.e., the normality 

of the distribution sampled need not be assumed. 

An estimate of the correlation between the ranks in columns 

2 and k  gives r' - -0.80. This value of r^ is significant at a 

confidence probability i 0.99. The interpretation is that there 

Is a significant negative correlation, and there is less than one 
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Chance out of 100 that an observed negative correlation as large 

or larger could have occurred by chance as a result of experimental 

error. 

An estimate of the correlation coefficient between the ranks 

in columns 2 and 6 gives rA = +O.85, with a confidence probability 

1 0.99. (This is a similar interpretation as above except for posi- 

tive r1.) 

The difference in the signs (positive and negative) for the 

estimates of rJ and vl  can be understood by noting in Table XII 

the order of the initial rank numbers and comparing this order 

with those of r' and r* in Figure 22.  The order of failures for 

r» tends to follow the order of the initial rank numbers and shows 

up as a positive correlation, whereas the order of failures for 

r' tends to be the reverse of the Initial rank numbers and shows 

up as a negative correlation. These estimated correlation coeffi- 

cients are for off-the-shelf transistors and would probably not be 

as large or, in some cases, not even exist had the transistors been 

selected with initial hp£ values clustered closely about a typical 

value. That is, if 10 transistors with initial hpE values between 

oO and 65 had been selected, r\  and r£ might well be zero. This 

sensitivity (as measured by the positive correlation coefficient 

ri) of the h  values at the 1th nuclear exposure to their initial 

values, as measured on an absolute scale, was prevalent in the data 

analyzed.  The sensitivity was more pronounced when the initial hp£ 

values covered a wide range. 

When the hp£ values at the ith nuclear exposure were normalized 

by their initial values, the sensitivity to the actual initial gain 
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values was not as pronounced nor as consistent.  In some cases, the 

estimate of correlation coefficient rj[ was positive and in other 

cases it was negative. Again it was noted that when the sensitivity 

on a normalized scale occurred, there was a wide range of initial 

hFE values. 

When the initial hpE values cover a wide range of values it 

presents a problem in the analysis of the data in choosing the scale 

of measurement (absolute or normalized) upon which to base conclu- 

sions.  If there had been a significant temperature effect, and the 

correlation values had remained the same, then in one scale of 

measurement there would be for the same data a positive temperature 

effect and in the other a negative temperature effect. Thus, when 

a wide spread in hFE values occurs, the conclusions that can be 

drawn are quite sensitive to the scale of measurement (normalized 

or absolute) and, in this case, the conclusions are sensitive to 

the failure criteria for analyzing h . The criteria used will de- 

pend upon whether the designer is using a minimum gain or a percent 

change. 

It follows that if one if? designing on a minimum-gain basis, 

then a transistor from this group should be chosen with the nighest 

Initial gain that can be tolerated in the circuit. 

Figure 23 shows the Individual Weibull plots of the -bO$  hpE 

temperature data for the TI 2N7M transistors. The combined-tempera- 

ture plotsof these reactor test data (gamma dose scale), along with 

some 2N7^ Co00 Atomics International test data, are presented in 

Figure 2*4.  Figure 25 contains Weibull plots on a neutron scale for 
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NARF-LMSC (GTR) and AI (STR) radiation temperature data for TI 2W[kh 

transistors. 

Although the 86 and 140 F data plotted in Figure 23 appear to 

be different, the reliability plots of these data show that the 

difference may not be important from an engineering standpoint; in 

fact, if these curves represented the true situation, there would 

be points on the reliability curves where the effects would be the 

same and then reversed. However, the sample size Is not large 

enough to support this observation. 

3.  Sensitivity of Operating Conditions 

Figures 26 and 27 are additional Weibull plots of hFE for 2N1613 

transistors from various manufacturers and for different operating 

levels of inputs.  In Figure 26 the 10-ma data exhibit a greater 

radiation life-length than the 50-ma data, the difference being a 

factor of ~3 (based on the gamma-dose scale). Because these data 

were from different tests, the neutron/gamma ratio was slightly 

different, so that the same data analyzed on a neutron scale showed 

only a factor-of-2 difference.  Rank methods also indicated a signif- 

icant difference between the groups at different inputs.  Figure 

27 shows that the 10-ma data have a greater life-length than the 

1-ma data by a factor of ~6 (gamma-dose scale). This factor is 10 

on a neutron scale. 

These 2N1613 transistor gain data show the possible variation 

and sensitivity of component response in a radiation environment 

for the same transistor type, for different manufacturers, at 

various levels of inputs, for various scales of measurement, and 

for different initial values. 
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4. Radiation Spectrum and Welbull Shape Parameter, ß 

The reliability curves in Figures 24 and 25 are presented to 

show the similarity in the slopes (Weibull shape parameter, fl) of 

the curves for reactor and Co  test data for TI 2N744 transistors 

tested at different facilities and different radiation environ- 

ments.  The temperature data of Figure 23 are combined with some 

2N744 Co  Atomics International test data to obtain Figure 24. 

Figure 25 shows Weibull plots on a neutron scale for NARF-LMSC 

(GTR) and AI (STR) radiation temperature data for the TI 2N744 

transistors.  These results are not intended to compare absolute 

results between facilities, since there are too many differences 

to be taken into account for a comparison even though the neutron 

test data are in agreement. 

The results indicate that the shape parameter is not a function 

of spectrum within the limits of the data and the facility charac- 

teristics . 

5. Probability Distributions 

Figure 28 contains Weibull plots of FSC and TI 2N1132 transis- 

tor sain.  Figure 29 is a log-normal reliability plot of the -40# 

data in Figure 28 to show the similarity of the graphical repre- 

sentation of different probability distributions that could be 

used as a failure model (see Section II-lc). Figure 30 is a linear 

presentation of the «40# FSC data from Figure 28.  These data show 

the similarities in the slope (shape parameter of the Weibull dis- 

tribution function) for the same transistor type made by different 

manufacturers. 
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6. Failure Criteria 

Figure 31 is a Weibull plot of hFE made from data taken during 

a 3,000-hr life-test of TI 2N917 transistors. These curves show 

the effect of the different failure criteria:  -20# and -40# change 

from initial value and the manufacturer's specifications of a 

minimum gain of 9.75 (a pretest minimum limit of 15 and a test 

limit of 35# less) and an ICBQ maximum of 10 na. The failure rate 

of 1.8%/1P00 hr is tha quoted estimate based on the exponential 

assumption. The -20# and -40# curves are the change in hpg taken 

from the manufacturers raw data.  It is obvious from this presen- 

tation and those to follow that analysis of data must be performed 

using failure criteria that correspond to the designer's use. 

As has been observed in the radiation data and the life-test data, 

the slopes of the curves for the percent change failure criterion 

do not change appreciably when going from 20# to 40#. 

Figure 32 is a plot of a 5£00-hr sequential life-test for a 

2N1717 transistor. The plotted data are based on the manufacturer's 

failure specification, and the failure rate of 1.6#/]£00 hr is the 

quoted estimate based on the exponential assumption. The original 

data are plotted at the recording time in one case and at the mid- 

point of the interval of the recording times in another case. One 

would not expect the failures to occur Just at the recording time, 

so that the actual failure time is not accurately known. The pro- 

cedure then is to plot at the midpoint of the interval. As can be 

seen from the graph, the failure rate for the plotted data is greater 

than 1.6%/IJöOO hr at the time of l/)00 hr, and when extrapolated to 
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10,000 hr it is approximately 1.6%/lfiOO hr. In other words, the 

failure rate for the plotted data indicates a decreasing failure 

rate with time as compared with the constant failure rate of the 

exponential distribution. 

Figure 33 exhibits the data from an §000 hr life-test of 300 

TI 2N7^4 transistors. The manufacturer's failure criterion for 

this set of data is a minimum and maximum hFE for initial and 

test-limit specifications, and applies to the whole lot. These 

initial hpE test limits are from 40 to 120, and the final test 

limits are from 32 to 144. The 10# change criterion, for example, 

classes a failure for an initial gain of 50 when the gain value 

reaches or exceeds the limits of 50 + 10#(50). This failure 

criterion is quite severe and applies to the individuals in the lot. 

There were no catastrophic hFE failures and only one degradation 

failure for IC£S on these 300 transistors. Therefore, the 10# 

failure criterion was used to provide some "definition" failures 

to construct a Weibull plot. The manufacturer's estimates based 

on the exponential distribution assumption are included as dashed 

lines, namely, a failure curve of 0,042#/ip00 hr and a 90# confi- 

dence failure curve of 0.l6£/V)00 hr. The exponential distribution 

does not appear to apply to the -10# data. 

Figure 3^ contains the Weibull plots of the forward volts, Vf, 

for four different types of diodes. These plots are similar to 

the transistors in that the shape parameters are predominantly 

greater than one. The Initial values for a given type of diode 

are, in most instances, clustered about a typical value and not 

117 



[(•jntjtj % - ooO/OOl] «I »M NPC 23,016 

i 

5 

1 

■4 

1 

O m 
1 
J 

1 

• 

« 
• 
1 • • 1 

e 

3 | 1 4 k ex* 

•> 
8 
• 
• 
• 

O 
•H 

-   £4 
CO 
- -o 
DU; 

■P  w 
O  0) 
«JEH  C 

C W | 

< ft 0 

tx 8 
0) 

- •** 
•H 

Ü 

rH 
"   «H 

(d 
Du 

(0   •-» 
0 

0 
* r>^- 

i 
0 

1 v 

fe 0 

9 

5 
k 

8 
0 

0 W 
^ 

6 
>> 

* 

0 
*\ 

s. 

i 1        V> 8 

0 
v K t><L 9 

Sk r\ 0 
0 », 

^ • 
^ ■ 0 V S • 

V J » \\ 
4 
© 

V 

\, \ \ 0 

< v. 
h 

\ 
v 0 

0 Vf «Ä 
«4 

«j 

w 
Du 

% 

V \ 
O 

O 

u 
4-> 

O 

0> 

C 
*-« 

a 
? 1 

^ 

\ 
> 

•J 

e 
O (4 6 ^^ J 

— rH >p • 
e> 

„   §3 
• 

Du 1 
4» 

0 Ö 0 
m 

4J 
4 

• 
• 

O   . 
•4 

1 
•> > Q 

• 
•A 

J. 1 
0 

£s2 » *» 

t 

r 
m 
a 
0 

• 

 1  1    1 •4 

O 

m 
o 

2 
1 

4) 

3 

cd 
Du 

O 

-P 
o 
rH 
a. 

4-> 

CO 
•H 
rH 
<D 

•p 
CO 
(1) 

EH 

0 
<H 
•H  CO 

o 
3 CO 
O «H 
X  CO 

A c 
O co 
O U 
OrH 
00 

.O CM 
«H 
0) M 

on 

ß 
-r-l 
Du 

/ 
5    t Ä     Ä 

3anuie!  lU30Jdj 

118 



[(9Jn(jBj % - 001 )/00l]  «I  «1 

NPC 23,017 

c   j 

/ 

>                 o                 o                o                e                o                 o 
i                 *i                 ©                «1                »•                #*                W 

i               i               •              7 

o 
m 

i 

o 
• 

i o 

i               i 1 » i             i • | i 

8 

o 

2 
o 

i 
0- 

CO 

V 
-i< ► 

v< > 
O 

S 
> 

ae 

e 

si 
o 

OQ 

\o 
4J 

Q 
X > -> 8 

o 
ft 
of V © Tl 

o k * fc 
H s d e 

03 

\ o 
X > fc X >° 

^^i ^B- 1 
^ 
V O O      O ^ o 
\ CM i-H         r-l ro •*-J > 

II .1     * II Ü -P 
> — 

25 
25   - 

o 

9 
o u 

o 
rH 
a. 

- 

O 
o 

II 

s s 
o    in   i 
o    m 

: « 

n 

II   - 

• 

o 
<• 
e 
•» 

vo 
o 

0) 
CO 

>> 

r^< L< *P 

v r-i 

. 
S0L1 > 

•H 
43 

o 
V4 

M 

*4 
Ci     M       1 

M 

e 

<S CO 

ifcs •H 

^^n 
IT\ 

■n 
© <j <D 

isnj 

o 

JT       OJ      VO 
VO       m     ^ 
SB       SS      ^ 
•H       rH      £ 

G    4    O 

o 

cd 
o 

• 

PC 
t 

^ 
^ >tn KJTS □ 

1 
c 
o 
•H   (0 

- 
^t^C5 

Ns § ca TJ 
•H   O 

( > «~» 01 T3 «H 
CO D 

< ) e 
•1 cd 

J-. 

rH    O 
• 
o 

3 Tt. 
X) 

••   > 
«dm o 

H    H 
<D  O 

• 
55 *H 

tl o ^ 
I 

H  C 
• 
© 

r*^ • 

6- r\ 
C> 

f t, 

c- ,    £i^ t>0 
U   . 

e 

\  i r-* «• b 

-1 *i SU o 

• «I 
1   1 •• 

t    *        8       B      8        *    R         Si         •     •*   •* 

aj H\*i JU33 "cj 

119 



strewn over the large range as were the gains of transistors. 

These data are more easily handled in analysis and plotting, and 

the failure criterion is a maximum value of l.Ov. Other failure 

criteria considered and plotted in the course of this study were 

1.5v and 2.0v. An example of 1.5v is included in Figure 34. It 

was noted that when an outlier did occur in the initial values, 

the radiation response was sensitive to the initial value. For 

example, an initial Vf =  0.75v would have a longer lifetime than 

a Vf s 0.8v when the failure criterion was a maximum of l.Ov. Not 

all of the MQ4613 diodes exceeded l.Ov before the end of the test* 

thus, only 26 out of the 39 units tested are plotted as failures. 

7. Bimodal Response 

Figure 35 is a Weibull plot of some capacitor radiation data. 

These data represent a possible bimodal response — at the beginning, 

a steep slope and, later, a less steep slope. This is probably the 

result of more than one failure mode operating. An example of this 

is the case in which the units under test are subject to a high 

early-hazard rate followed by a lower hazard rate that persists 

after the weaker units have failed. The percent failure point where 

the two separate curves for a given capacitor meet can be used as 

an estimate of the percent of the population of capacitors belonging 

to each of the observed responses; for example, th<* two curves of the 

Mylar capacitor meet at approximately the 6k% failure point. An 

estimate of the proportion belonging to the "weak sister1* population 

is su% and,to the population which persists, is 36£. As one article 

put it, if there were some way in which one could make the defective 
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parts (weak sisters) stand out from the rest when they come from the 

manufacturer, the total population could then be divided into two 

groups; those "weak sisters" with some latent defects and those 

items representing near-perfect components, 

8. Conclusions and Discussion 

The sensitivity and mathematical models analysis (Section II) 

was a parallel effort; as information became available in one, it 

was channeled to the other to see where it would fit in.  In some 

cases, the "random" variation of the data was so great that it was 

difficult to distinguish a general pattern for a given set of ob- 

servations. This difficulty can be expected when dealing with 

small-sample sizes from skewed distributions. However, when the 

results included several small sets of data which had similar res- 

ponse characteristics, speculation was made concerning general 

patterns of response. 

Not all data considered in the investigation have been presented. 

Certain data were selected on the basis of bheir being representa- 

tive of various arguments, problems, and philosophies associated 

with radiation-reliability analysis. 

Many data were plotted on various probability papers, such as 

Weibull and log-normal, to examine the application of reliability 

analysis to radiation-effects response curve data. It is concluded 

that present-day methods of reliability analysis are applicable to 

the radiation response curve data. This is not Intended to imply 

that the present-day methods of reliability tnaiysio will solvs all 

problems, but that these methods are as applicable to radiation 
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reliability as they are to the usual applications. The sample sizes 

used in the existing data are, in most instances, too small to 

verif> any specific failure distribution as being "best;" but, upon 

examination of a great quantity of data there is strong evidence 

to support the conclusion that the shape parameter 0 of the Weibull 

distribution is predominantly greater than unity for the radiation- 

effects response curve data rather than ß «1, ae assumed for the 

exponential distribution. The life-test data analyzed for this 

study showed that (when sufficient sample sizes were available) the 

shape parameter p of the Weibull distribution was predominantly 

less than unity when based on the manufacturer^ failure criterion. 

This same conclusion was reached by ARINC Radio Corporation for the 

data they analyzed (Ref. 1^). Therefore, in radiation and life-test 

reliability analyses, it is recommended that any assumptions that 

are made be verified by test data rather than using the thumb-rule 

of the exponential distribution. This approach will require that 

more effort be directed towards the selection of failure models to 

arrive at a more realistic approximation to the existing situation. 

In this search for a more realistic approximation, there are 

certain parameters and environments that need to be considered. 

Although some of the effects of environments and parameters are dis- 

cussed elsewhere in the report, a brief summary follows. For the 

radiation rates and times for the existing data that have been 

analyzed, it is quite obvious that radiation is the most degrading 

environment. Most radiation failures, as well as life-test failures, 

are of the degradation type (response curve) that are defined as 

failures by specifying a failure criterion. The choice of failure 
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criterion, as well as the scale of measurement, affects the life- 

length of the device considered. In much of the data analyzed 

the shape parameter ß of the Weibull failure distribution did not 

change appreciably when the failure criteria, the operating level, 

the temperature, and the radiation source were changed. This in- 

dicates that the form of the distribution remains fairly constant, 

the difference in displacement being the result of a change in the 

scale and location parameters. A constant-shape parameter is almost 

a must if one is to estimate environmental effects and relation- 

ships by reliability analysis.  It is difficult enough with skewed 

distributions of this type to estimate and compare environmental 

effects within a given type of failure distribution — let alone 

trying to make these comparisons when the distributions themselves 

are changing. 

The effect of operating input levels has been observed to in- 

crease the life-length of a component in a radiation environment 

in some cases and decrease it in others. The gamma Co  radiations 

comparing active and passive components show that the h— life- 

time of the active device is greater than that of a passive device. 

In a neutron radiation, these effects were not observed. When tem- 

perature effects were observed in radiation data, the tendency was 

to increase the hpE lifeti»#  at the higher temperature. 
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SECTION IV 

QUALIFICATION OF RADIATION-EFFECTS RELIABILITY TECHNIQUES 

The first subsection to follow outlines a program to qualify 

and refine the mathematical models developed in Section II. This 

project will also evaluate radiation-hardening techniques that 

will be used in the qualification score of the program. The second 

subsection discusses the research and development that will be re- 

quired to establish the interaction between the nuclear and non- 

nuclear environments associated with NAP. 

1. Qualification of Mathematical Models 

The present investigation into radiation reliability, with 

respect to the analysis of radiation-effects response curves and 

life-test data, indicates that most failures of components are the 

result of out-of-tolerance failures and are classified as degrada- 

tion failures when a certain limit is exceeded. These data are 

predominantly of the response curve type, in which the parameter of 

interest is changing as a function of time and/or radiation expo- 

sure. In the reliability analysis of these data, a range of failure 

criteria is specified and the time and/or radiation exposure of 

components is recorded at different failure points. The cumulative 

frequencies are then plotted to ascertain the nature of the failure 

distribution for the different failure criteria specified. A 

transformation is rarely made from variable (response curve data) 

to a discrete value. Sensitivity is lost in the transformation for 

detecting the differences between conditions being studied, whether 

they be radiation, time, temperature, or combinations of conditions. 
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In the present study, the transformation from response to binary 

has been performed so that the radiation data can be analyzed from 

a radiation-reliability approach. 

Even though components exhibit a continuous variable type res- 

ponse, they are often used in circuits whose outputs and operation 

are of a binary nature or a Qo - No-Oo response, such as gates 

and flip-flops. Thus, some circuits make the transformation from 

continuous to discrete values by the very nature of their opera- 

tion. In those circuit types, the response will appear as a 

catastrophic failure even though the cause is a gradual change in 

one or more of its componento or some combination thereof. Each 

type of circuit will not fail at exactly the same time, radiation 

exposure, and/or component values. Therefore, each type of cir- 

cuit will have failure distributions of its own. 

These circuit failure lstributions will be a function of the 

component parts. A very critical component with poor reliability, 

as compared with the other components, will dominate the failure 

and will be easily recognised. When all the components of a cir- 

cuit have similar and closely related failure distributions, their 

combined failure mode will be difficult to ascertain. 

On the basis of the above considerations, a test philosophy 

based on testing at the circuit level with component monitoring 

is proposed. This test philosophy is based on the development 

of suitable models at the circuit level with component data Inputs, 

In order to describe or approximate the observed circuit response 

over the region of application expected. The development of these 
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models is predicted on the use of past data, components tests, 

theory, and experience. The approach to this development is done 

by an iterative procedure in which the models are tentatively en- 

tertained (not assumed), strained in various ways over the region 

of expected application, and freed of their defects. The nature 

of the defects, in conjunction with the experimenter's technical 

knowledge, is used to suggest changes and remedies leading to new 

models which, in turn, are tentatively entertained and submitted 

to a similar straining process. This process goes on until one is 

satisfied that suitable models have been found. 

The test program is initiated by choosing available components, 

circuits, and systems that are of proven reliability in and out of 

a radiation environment and are compatible with the expected appli- 

cation. A flow diagram of the overall qualification program is 

shown in Figure 36. Whenever possible, the selection of these de- 

vices is made on the basis of successful prior use in related appli- 

cations. A 3-stage analytical analysis and development program 

is then performed on the selected devices, as described below. 

In Stage I, an analytical analysis of these selected devices 

is made to predict whether off-the-shelf devices will operate 

satisfactorily in the region of application. 

In Stage II, off-the-shelf devices that are not acceptable are 

radiation-reliability-hardened by substitution of radiation-tolerant 

and reliable components. A similar analysis to that in Stage I is 

then made on these "hardened" devices to predict their operation in 

the expected application. 
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In Stage III, the circuits and systems that are not acceptable 

in the previous two stages are channeled into redesign, which may 

be of various forms or combinations of the following. 

. Redesign of the basic device around predictable 
response curve data 

Power-rating of components 

. Redundancy 

. Use of preirradiation components 

A preliminary test program at the component level will be re- 

quired to obtain accurate data under the conditions that will be 

used in qualifying tests. After obtaining data on the preliminary 

components, the circuits and their model predictions are refined 

and then a radiation test is conducted on the circuits. 

The test data are compared with the predicted models to ascer- 

tain the quality of the prediction methods.  If the methods prove 

successful, these methods should be capable of predicting the re- 

liability of circuits in a long-term radiation environment. 

In addition to evaluating and refining mathematical models, the 

success of methods of radiation-hardening used in this program will 

be determined. 

2. Problems of Research and Development to Establish NAP Teat 
Technique? 

One of the initial steps in this study was the review of the 

basic philosophies of other programs to determine their applicability! 

to utilization of Nuclear Auxiliary Power (NAP). The first sub- 

section to follow discusses the LASV-N, Telstar I, and SNAP 10-A 

programs. 
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The second subsection describes the matrix of the conditions 

involved in long-term nuclear missions, then sets forth the major 

problem areas relative to the utilization of NAP, 

a.  Philosophies of Other Programs 

The basic philosophies of other programs were reviewed and 

evaluated for their applicability to the utilization of NAP, These 

programs were time-limited and little effort was applied to methods 

of predicting probable lifetime.  In addition, the operation times 

of these missions were short compared to the minimum NAP require- 

ment of about 10,000 hr. Consequently, the results of these pro- 

grams are not directly applicable as far as radiation reliability 

is concerned. 

The reliability or test philosophies of LASV-N, Telstar I, and 

SNAP-10A and their disadvantages as applied to long-term missions 

are discussed below. 

(1) LASV-N 

The LASV-N development was confronted with environmental problems 

that included high values of temperature, vibration, anu ».«clear 

radiation. The approach to reliable design consisted of defining 

the subsystem concept; establishing the environmental and mission 

requirements; designing the subsystem, using the most reliable com- 

ponents available (based on state-of-the-art data) for the environ- 

ment in which they were to function; and then testing the subsystems 

in a nuclear environment. Any subsystem that would not stand the 

test to a prespeclfied nuclear exposure level would be modified by 

replacing the weakest components with those of higher radiation 

resistance (Ref. 21). The modifications and tests would continue 
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with the design goal established as a point where three or four 

test articles operate successfully when exposed to a time-integrated 

energy flux or dose 100 times more severe than operational condi- 

tions. This successful operation would demonstrate "sufficient 

reliability." This philosophy is contingent on the argument that 

the exponential failure law is the most conservative and realistic 

assumption. 

This "conservative" test philosophy may result in the rejection 

of good items, especially considering semiconductor devices which 

may be much more reliable in the two-decade-lower mission environ- 

ment as opposed to, say, ceramic tubes. An advantage of this test 

philosophy is the low probability of accepting radiation sensitive 

components. 

Testing two orders of magnitude in dose for a 10,000-hr mission 

would result in unrealistic reliability predictions. 

(2) Telstar I 

Another design philosophy which is pertinent to space system 

operation,and under which consideration was given to radiation ex- 

posure, is that of the Telstar I. The Telstar I project was com- 

pleted in 15 months, from the start of the program to launch (Ref. 22). 

The short development period imposed restraints on a reliability 

testing program, thereby calling for the use of components of proven 

Integrity in the satellite system.  In order to acquire components 

of proven integrity, the component selection program was based 

essentially on that originated for submarine cable devices. 

This selection program consisted of: 
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1. Design of the component for the required environment 

2. Careful control of manufacturing processes 

3. Elimination of potential early failures by screening tests 

4. Selection of the most stable components 

5. Simplest design to perform the functlor intended in the 
anticipated environment 

The principles and techniques used in the Telstar development 

program are applied either totally or In part to the development 

of many complex missile and space systems. This approach has pro- 

duced fairly successful missions because of the availability of 

reliable components. However, due to the uncertainty of the radia- 

tion reliability of components, the Telstar approach cannot be 

applied to long-term nuclear missions until appropriately qualified 

long-term materials and components are available. In addition, 

estimated reliability, as in Telstar, could only be calculated 

using each component reliability value, not with the measured re- 

liability of a subsystem or complete system. A reliability estimate 

using component values is naturally more uncertain than one using 

subsystem or system values. 

(3) SNAP-10A 

Another program of interest that resulted in the need to develop 

radiation-tolerant systems was the SNAP-10A Program. The aims of 

program were (l) to obtain sufficient information to successfully 

accomplish 1-year (~10,000-hr) missions using SNAP units, (2) to 

attempt to relate system and component failure threshold and pre- 

dict mean-tlme-to-fallure for parts and systems, and (3) to obtain 

a high degree of reliability for ülghts in the most economical and 
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timely manner consistent with good engineering practice (Ref. 23). 

The aims of the program wore not fully realized because pro- 

gram schedule and budget problems would not allow sufficient testing 

for accurate predictions of equipment reliability. Therefore, the 

decision was made to exclude radiation-effects considerations from 

reliability predictions, Instead, a series of 100-hr tests was 

performed to pick radiation-tolerant components and systems with 

unknown qualification on the reliability of the mission, 

b. Major Problem Areas 

(1) Relationship Between Environments 

As stated above, most programs have been performed with a "test" 

philosophy, the environments have been simulated to match the 

mission, and little emphasis has been placed on determining the re- 

lationship between the various environments. One exception to this 

case is operating level, where the response of some components is 

established as a function of operating level. It is common prac- 

tice to derate components to increase reliability. In some cases, 

however, available data (limited to short-term tests) show that 

operating conditions enhance the radiation lifetime of a component 

when the nuclear environment is added. This example demonstrates 

the obviously complex nature of combined nuclear environments and 

the difficulties of long-term reliability estimation - the basic 

reasons for the requirement of establishing detailed test techniques 

before practical development of nuclear auxiliary power can be 

realized. 

Pigure 37 is a matrix representation of a 2 x 2 x 3 factorial 

arrangement of the environmental conditions (referred to as 
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"treatments") for estimating the relationship between radiation, 

operation, and temperature plus time. This presentation is used 

to show the scope of the problem of determining the relationship 

of radiation effects and reliability in conjunction with various 

combinations of environments. 

These environments were chosen because they are she predominant 

conditions that are represented in available data. The notation 

used in the discussion is listed in Figure 37. The bulk of the data 

used is for the treatments in Blocks 2, 5, and 7. Blocks 2 and 7 

are manufacturer's life-tests and 5 is radiation effects. There is 

only a limited amount of test data for the treatments in Blocks 6, 

8, and 11. No known data exist for Blocks 3* **, 9,  10, and 12. 

Based on manufacturer's life-tests, the treatment, rQ0 T in Block 

1 is assumed to have no degradation effect on the components con- 

sidered, especially for comparison to typically short-term radia- 

tion life-tests. To estimate the relationship between the various 

environments requires certain comparisons to be made. 

Comparing the results of ro0QTo and ro0jT will give an estimate 

of the main effect of going from a nonoperating condition, 0Q, to 

an operating condition, 0^. Similarly, comparisons between Blocks 

1 and 5 give an estimate of the radiation effect, rQ to rnl. For 

Blocks 1 and 2, an estimate of the temperature effect, TQ to T^, 

can be made. The above are classified as main effects in which 

only one environment has been changed while the other environments 

are held constant. In treatments r °0TQ and rQ0^TQ for Blocks 5 

and 7, two environments have b*en changed so that any observed 

effect between these treatments could be the result of either rhl 

or 0^ or both. 
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A diagonal pair of treatments, say Blocks 5 and 8, show that 

all environments have been changed. An analysis of these various 

treatment combinations is used to estimate the 2- and 3-factor 

interactions. These estimates of the interaction effects are 

used to determine the relationship (dependence or independence) 

between the environments. If it can be assumed that the effects 

are independent, then an estimate of Block 11, treatment r.O,T , 
hi 1 o 

can be made by adding the estimated effect from treatments between 

Blocks 1 and 7 to the value observed in Block 5. Existing data 

show that for transistor gain h__, the main effects of operating, 

rQ0 T to ^O^TQ, are to decrease the gain and increase the 

failure rate from a negligible amount (0^/lp00 hr) at 0Q to a 

significant amount of (l.8#/ip00 hr) at 0.. Prom radiation 

experiments, it is known that the gain decreases as a function of 

radiation exposure; therefore, the additive effects (assumption 

of independence) of 0 , when applied to r. .0 , should give a 

gain less than that at rhl0Q. Son« data that have been obtained 

at Block 11, rhl01TQ, indicate that the effect is something less 

than that at Block 5 - which contradicts the independence assumption. 

This same general conclusion holds for estimating effects 

between Blocks 1 and 2 and addition to Block 5 to estimate C, 

In this case, past data show that the higher temperature tends to 

increase the hpK life-length under the condition of rn«0oTi» *
8 

compared with rnl00?0, Blocks 5 and 6, respectively. Again the 

independence assumption is contradicted. 

The results of some special radiation experiments show that there 

are rate-dependent permanent effects in electronic components such 
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that a linear extrapolation (acceleration factor assumed 1 to 1) - 

based on the high radiation rate, rv,, data - to the effects at the 

lower rate, r, , will be in error for the same total radiation ex- 

posure, Et. These limited data on rate-dependent permanent effects 

are not sufficient to cover any broad areas, nor are they sufficient 

to prove or disprove whether this linear extrapolation is valid or 

not at the anticipated low rate, r, . for NAP application. Exist- 

ing radiation data have been obtained at rates some 100 to 300 times 

greater than expected for NAP application. Rate studies have been 

conducted at a factor of approximately 5 difference. Thus, linear 

extrapolation of rate, independence of temperature effects, and in- 

dependence of operating effects are not Justified by the existing 

data. 

The statements made with respect to the relationship between 

radiation effects and reliability in conjunction with various en- 

vironments have been based upon a very limited amount of data and a 

large amount of intuitive speculation. 

The foregoing discussion has pointed out the use of existing 

radiation effects and reliability data in the determination of en- 

vironmental relationships. Extension to more environments is a 

straightforward expansion of the matrix. 

A program conducted to determine all the possible relationships 

between the environments would be an enormous. If not Impossible, 

task and It will be necessary to limit the environments and their 

variation by careful prediction of the environments associated with 

utilization or nuclear auxiliary power. 
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(2) Problems of NAP 

The characteristic of NAP that iß the basic difference from past 

nuclear programs is the mission time, a minimum of 10,000 hr. This 

long life allows the life-length changes to become significant in 

comparison to nuclear-induced changes. In past short-term missions 

the nuclear environment has been predominant to the extent that life- 

length changes are insignificant. 

The life-length changes are not simply additive, but are complex 

interactions between radiation, operating conditions, temperature, 

time, and possibly other environments. The following section dis- 

cusses these Interactions as represented by available data. The 

conclusions drawn are that there are not sufficient analytical data 

nor fundamental knowledge to presently establish the interactions 

of the environments of a long-term nuclear mission, and it is not 

feasible to perform a series of long-term tests to develop the 

systems. Thus, it will be necessary to establish the analytical 

data and fundamental knowledge that can be used to perform a mini- 

mum yet complete development of NAP systems. 

The main objective of such a program would be to establish the 

minimum test duration that can be used and still accurately extrapo- 

late to long-term radiation environments. 

Such a program would be initiated by a study to establish the 

limits of requirements to perform a NAP mission. This Initial 

study would define (1) environmental envelopes, (?) systems and 

their operation requirements, and (3) representative materials and 

devices. 

138 



" 

The ne^ssary research and development to establish NAP test 

techniques can be formulated using qualified analysis methods from 

a program such as that described in Section IV-1 and limited by the 

NAP requirements. 

The solution to these test techniques will require more than 

test data on a matrix of variations on the range of environments. 

Fundamental knowledge; such as the nature of material changes in re- 

lation to device response and the effects of construction technique, 

will have to be considered. 
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SECTION V 

STANDARDIZED TESTING AND DATA-REPORTING PROCEDURES 

This section is divided into three subsections.  The first 

discusses the planning of an experiment and gives detailed 

examples that illustrate the importance of trying to predict 

what data will be obtained and how these data will fulfill the 

objectives.  Although such a discussion may seem exceptionally 

trite, a cursory search of the literature will show that many 

studies having poor results or results that are more or less 

negative would not have been performed if the experimenter had 

tried to predict the outcome of his test or if he had pre- 

determined the possible use of the data. 

The second subsection suggests some ntandard data pre- 

sentation methods, while the third suggests some military spec- 

ifications in relation to long-term nuclear missions. 

1.  Planning Experiments 

In the initial stages of experiments too little time and 

effort is put into the planning.  This planning stage Ls at 

least as important as any other task in the experimental program. 

The statistician, who expect3 that his contribution to the 

planning will involve some technical matter in statistical 

theory, finds repeatedly that he makes a much more valuable 

contribution simply by getting the investigator (l) to explain 

clearl;, why ne is doing the experiment; (2) to Justify the 

experimental conditions whose effects he proposes to compare; 

and (3) to defend his claim that the completed experiment will 
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enable its objectives to be realized. 

In the Initial steps in the planning of a test program it 

is good practice to make a written draft of the proposal for 

the experiment.  In general, this draft will have three parts: 

(l) a statement of the objectives; (2) a description of the 

experiment, covering such matters as the experimental conditions, 

the size of the experiment, and the experimental material; and 

(3) an outline of the method of analysis and presentation of the 

results. 

The statement of objectives should be concise and descrip- 

tive and may be in the form of questions to be answered, hypotheses 

to be tested, or effects to be estimated.  The most common faults 

are vagueness and excessive ambition. 

In the description of the experiment it is important to 

define clearly the environmental conditions whose effects are 

to be estimated and compared and to understand the role that 

each environmental condition will play in reaching the objec- 

tives.  It should be determined whether the primary objective 

is merely a "screening of components" among the different 

environmental conditions or whether, in addition, It is desired 

to determine the fundamental aspects of the effects.  Although 

it may be sufficient to conduct a screening test, it is often 

more practical to supply fundamental knowledge. 

Finally, the draft should describe in some detail the 

proposed methods for drawing conclusions, for estimation, 

and for presentation of the results. Although these items 

constitute a valuable portion of the draft, they are the items 
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that are most frequently omitted.  The draft may even include a 

sketch of the analysis to be used, an indication of the form in 

which the results will be shown, and some account of the precision 

expected in the effects to be estimated.  Even if it is realized 

that an experiment must fall short of the precision desired, it 

is a good practice to try estimating the degree of precision that 

will be attained and to present this information as part of the 

proposal for the experiment. This process verifies which 

environmental conditions are relevant to each of the stated 

objectives of the experiment.  Attention is drawn to deficiencies 

in the set of environmental conditions and to those conditions 

that supply little or no information essential to the purpose of 

the experiment. 

The brief comments and advice offered above have been 

directed towards some basic principles that are often overlooked. 

Further discussion on the subject, with respect to radiation 

experiments, statement of problem, manpower requirements, 

literature review, cost estimates, etc., are given in Reference 24, 

In regard to the planning of experiments, the Importance of 

understanding the role that each combination of environmental 

conditions will play in reaching the objectives of the experiment 

was pointed out. To reach this understanding requires a 

preanalysis to verify which environmental conditions are relevant 

to the stated objectives. There Is much to be learned from an 

examination of the analysis methods and procedures used to 

evaluate the environmental conditions of the experiment. There- 

fore, figures and tables are given In the following pages to 
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demonstrate the methods and the problems one can and will encounter 

in the development of a realistic test plan. 

The first step in the preanalysis is to examine every possible 

outcome of the experiment for the various environmental condi- 

tions and to draw conclusions for each possible outcome.  Although 

all possible outcomes and possible conclusions are not presented 

herein, specific examples pertinent to the discussion are included. 

In the first cursory analysis an estimate of the rate effects 

and/or acceleration factors can be made by comparing the results 

of Block 11 with Block 9 in Figure 37.  Further examination of 

rloTo°l for 5P00 hr and rhiTQ01 for 200 hr leads one to the 

conclusion that any observed difference (zero included) in the 

results could be the effect of rate, operation, or some combination 

of both.  This conclusion, along with its various ramifications, 

is illustrated with the aid of Figure 38, a generic plot o^ 

some possible outcomes for various combinations of environments. 

These data were constructed by assigning values to the 

environmental conditions of Blocks 1, 3, 5, and 7 of Figure 37; 

the other curves were then constructed by making an independent 

assumption concerning rate and/or operating effects.  The 

possible outcomes considered from this set of data are shown 

In the following series of 2 x 3 arrays in Figure 39.  The 

results listed below ana tabulated in Figure 39a are for the 

environmental conditions from Blocks 1, 3, 5, and 7 of Figure 37. 

The values used in the discussion are deviations, as measured 

from the storage environment r 0 , and are assumed to be zero. 
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1.0 

CO 

cm 

rhi°l 

200 

Ambient Temperature, T. 

u- 5,500 
Time  (hr) 

- - - lines of equal nuclear exposure 

ro°o  ls n0 radlÄtlon - non-operating (storage conditions) 

rQ01  is no radiation - operating conditions (Mfg's 
life-tests) 

rlo°l ls lov"r«te radiation - operating conditions, etc. 

Figure 38  Generic Plot of Some Possible Outcomes for 
Various Combinations of Environments 
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0 0, 

r      0 
0 

-2 -2* 

r      -3 
lo 

X=? 

r      -6 
hi 

°o °1 

r      0 
0 

-2 -2* 

rlo"3 -5 -2 

rhi -6 -8 -2 

a. b. 

0. 0. 

r      0 
0 

-2 -2 

r      -3 
lo 

-5 -2 

r      -6 
hi 

-6 0 

°o °1 
ro    ° -2 -2 

rlo-6 -8 -2 

c. 

rhl -6 -8  -2 

d. 

°0 °1 
r      0 

0 
-2 -2 

rlo"6 -8 -2 

rhl-6 -6 0 

°o °1 
ro    1 7 

rlo3 9 

rhl5 11 

e. Block No. Key 

* The values In the margins are estimates of the operating 
effects at the various levels of radiation rates. 

Figure 39 Sample Data to Demonstrate Preanalysis Procedures 
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From Figure 38, for ambient temperature TQ, the following values 

are considered in Figure 39a: 

r^° " ro°i = ro°l = ~2> the operating effect for 5P00 hr 
00    x at no radiation, rQ. 

r 0 - r 0. = r 0, - 0 at 200 hr 
o 0   0 1   01 

for Block 3, rl0°0 ■ -3 and 

for Block 5, r, .0^ - -6. ni o 

The results at the radiation conditions are compared at points 

of equal total exposure so that the difference between Blocks 

3 and 5 is considered a rate effect. If no rate effect had 

been considered, the results at rlQ0 would equal r..O, as in 

Figure 39d. 

The construction of the tables in Figure 39 is based on 

certain assumptions concerning the independence of rate and 

operating effects. The radiation data are compared at points of 

equal total nuclear exposure for Blocks 3»  5* 9>  and 11. To 

obtain equal exposures for the two different rates r- and rni, 

the point in time has to be chosen inversely proportional to 

the rates. In the case considered, Blocks 3 and 9 are for 

5p00 hr, and Blocks 5 and 11 are for 200 hr; for nonradiation, 

both the 200- and 5pO0-hr results can be considered. 

Figure 39a contains the basic values selected for the 

discussion. The combination of environments at X, r. 0, 

(low-rate, operating, long-time) is that combination anticipated 

in application and is the most difficult to predict because of 

the long test times involved. In estimating the values for 
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Blocks 9 and 11 in Figure 39b, the assumption of independence 

of rate and operating effects is made.  The operating effect of 

-2  was added to rlQ0o to give rlQ01 - -3 + (-2) - -5 (Fig. 39b). 

The rate effect of -3 obtained from i\ ,0, - r,„0 ■ -6 - (-3) = -3 
hi l   10 o       * ' 

was added to r^C^ to give rhJ0 = -5 + (-3) = -8 (Pig. 39b); 

r 0 could have been estimated by adding the operating effect, 

-2, to rhl0o to give rhl01 = -6 + (-2) » -8. 

The assumption of independence of operating Implies that the 

effect of operating for 200 hr is the same as that for 5P00 hr; 

existing life-test data show that this is not the case. If the 

operating effect at 200 hr is negligible, as exhibited by the 

graphs in Figure 38, the results at rhi0 can be considered the 

same as in the nonoperating case, rhl00, in Figure 39c; however, 

existing data show that in some cases this is not so. Figures 39d 

and 39e are constructed similar to Figures 39b arid 39c, respec- 

tively, except that no rate effects are assumed; that Is, the 

results at r 0Q = results at r, .0Q, which implies that radiation 

damage is a function of total exposure only. 

The above results lead to very puzzling circumstances that 

are not readily seen unless a detailed analysis is performed. 

The difficulty is in the interpretation, because the variable 

"time" Interacts with rate and operating levels in such a way 

that the main effects cannot be estimated independently of each 

other; when time is increased, both total exposure and operating 

time are increased. 

Some representative data from the manufacturer's life-tests 

and radiation-effects experiments are presented in Figure 40. 
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Although the ^asnltudes are not actual values, they do represent 

the sequence of events as they pertain to existing life-test and 

some radiation-effects experimental results. 

The manufacturer's life-test data are identified as r 0 - 
o o 

storage test at nonoperating conditions, r 0^ - life-test at, 

say, 50$ rated capacity and r 01 - life-test at 100# rated capa- 

city.  The life-tests are nominally ip00 hr in length.  In this 

discussion, they are represented as 10,000 hr in order to be 

in the area of NAP application. As can be« seen from the life- 

test results in Figure 40, the life-length of a component decreases 

with time as the operating level increases. This knowledge 

is used by designers to derate the component operating levels 

to increase the reliability of systems under consideration. The 

limited radiation-effects data that have been obtained for 

operating (active) and nonoperating (passive) conditions for 

different input levels Indicate that some devices have a longer 

life-length under operating conditions as compared to nonoperating 

conditions.  These results are exhibited by rnl0Q (high nuclear 

rate, nonoperating;), r
ni°i/2 (niSh nuclear rate, operating at 

50% rated capacity), and rhl0^ (high nuclear rate, operating at 

100$ rated capacity). As indicated by the sraph, there is a 

reversal of order in the effects of operating conditions from 

a nonradlatlon to a radiation environment. This raises an all 

important question:  What will happen to the order of effects as 

the tests are run at lower rates and increasing times? In the 

existing data, only the extremes are present, r^ and r ; no 

known data exist between these areas to indicate an answer. This 
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reversal in the order of operating effects indicates the presence 

of an interaction between rate, operation, and time. When 

interactions are present, main effects cease to have as much 

meanins, so that when an operating effect at a specified nuclear 

exposure is quoted, the levels of rate and time must be taken 

into account.  An interesting consequence to this reversal problem 

is that there is some combination of rate, operating level, and 

time in whTch no operating effects are observed; otherwise 

the* reversal is a sudden change. 

Figure 41 is presented to illustrate the time sequence of 

some existing data with respect to the observed reversal in 

operating effects and to examine some possible outcomes as the 

radiation rate is decreased and time Increased. 

The zero values in Figure 4la are deviations as measured from 

rQ0o for zero hours from start of test; in practice, these 

values will not all be zero because of the variation expected 

amon.; similar devices.  The values in Figure 4lb show radiation 

and operating effects at high rates for 100 hr. These values 

show that the effects at high-rate nonoperating conditions are 

-reater than the effects at high-rate operating conditions as 

is observed in some of the existing data. The value in the 

margin [-< - (-8) « +2J is interpreted as an increase of two 

units In the response characteristic due to use of an operating 

(active) device as compared with a nonoperating (passive) device. 

Tne 0" values indicate negligible effects at the low rate, ;'lQ, 

conditions for 100 hr.  The manufacturer's life-test data also 

show no effects at 100 hr. The values In Figure **lc show an 
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Pre-test 100 hr 10 ,000 hr 

0 
0 °i °o °i °o °1 

r   0 
0 

0 0 0 0 -2   -2 

0 0" 0" 
X«? 

rhi ° 0 -8 -6 +2 

a. b. c. 

0 

0 

rhi(!00 hr) -8 

d. 

-2 

-6 

-2 

r (10,000 hr)   -8   X=?   ? 

+2 

Figure U\    Time Sequence of Sample Data to Demonstrate Operating 
Effects in a Radiation Environment 
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operating effect of a -2 for 10,000 hr of operation as compared 

with nonoperatlng storage conditions.  The problem, of course, 

is concerned with predicting the component response at X on the 

basis of the results at 100 hr of radiation and the 10,000-hr 

manufacturer's life-tests.  Although no known data exist in this 

low-rate, long-time operating environment, it is still a good 

practice to examine the possible outcomes to evaluate whether 

or not prediction is feasible with existing information, and if 

not, to draw attention to deficiencies in existing information 

and to aid in directing research towards the problem areas. 

The values in Figure 4ld are the combined values of Figures 

4lb and 4lc with the addition of -8 at i» 0 - which is based 
lo o 

on the assumption that only the total-exposure effect is present 

at nonoperatlng conditions and which, in turn, implies no rate 

effects at nonoperatlng conditions. Of course, if there is 

a nonoperatlng effect, either as a main effect or as some inter- 

action with rate and time, this value will be larger or smaller 

depending upon the nature of the effect; but for purposes o." 

starting the discussion, this value, -8, will suffice. Then 

for the no-rate effects one has: 

Case 1 If the -2 operating effect at r0carries over 
to rl0, then X - -8 + (-2) - -10 

Case 2 If the +2 operating effect at rhl carries over 
to rl0, then X - -8 + 2 - -6 

Case 3 If the effect is between -2 and +2, say 0, then 
X - -8. 

These outcomes are all possible, and the interpretation and 

prediction is difficult. To demonstrate this, consider Table XIII, 
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where different assumptions have been made to obtain different 

values at ^l0°0»  where rlo0Q = -8 is the value for Cases 1, 2, 

and 3 above. 

Table XIII 

SAMPLE DATA TO DEMONSTRATE A PROBLEM IN PREDICTING LONG-TERM, 
LOW-RADIATION-RATE RELIABILITY 

Assumed Vs Llues Operating Effect Val ue at 

-8 
-4 

X 

rlo°o 
a -6 -2 

+2 
0 -6 

rlo°o 
= -8 -2 

+2 
0 

-10 
-6 
-8 

rlo°o 
B -10 -2 

+2 
0 

-12 
-8 
-10 

Table XIII demonstrates the different outcomes that could be 

obtained in predicting results based on existing data and the 

various unverified assumptions.  If the rlQ0Q condition was not 

tested and only the -8 result In Table XIII was observed at X, 

for rlQ01 for 10,000 hr, there would be a one-third chance of 

guessing the correct conclusion. Even if the r, 0 condition was 

tested, it is doubtful whether the result would add much to 

predicting X, because of the rate, operation, and time interaction 

Note that assumptions have been made so that certain specific 

outcomes occur. When the value at X is observed from an experi- 

ment, the assumptions become possible conclusions.  Thus, when 

three different assumptions can lead to the same result, there 

are three possible conclusions. 
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The lack of Information for low-rate-radiat^on, long-time- 

test conditions precludes any definite statements as to the 

applicability of predicting results based on existing data. 

The presumption that an accelerated rate represents a more 

severe condition than will the lower rate of a 1-year SNAP 

exposure (so that it will provide an additional safety margin 

In reliability estimates) may not be so. If there are no ratr 

effects (so only total exposure is the radiation damaging factor), 

the effects of time at temperature and/or time at operating 

level may result in additional damage and a decrease in relia- 

bility. This is shown in Figure 39© and, fcr certain values of 

X, in Table 13.  The operating and temperature effects not 

observed in existing data may be the result of the short time 

(100 hr) high-rate radiation tests in which the radiation effect 

overshadows the temperature and operating effects. While at 

lower rates and longer times (10,000 hr), operating and temperature 

effects may play a role in reliability prediction and estimation 

that Is as Important as (or more important than) radiation 

effects. At this time, all the problems associated with low-rate, 

Ion--time tests are not known. Radiation effects observed in 

existing data may not be as critical, or may not even exist, at 

lower rates.  For instance, some Items now considered a poor 

risk may Improve, whereas other items could get worse when 

operated for long-time ^lJ3ions. A3 in the initial stages of 

radiation experiments, when little was known about this new 

environment, the second law of experimentation was very much in 

evidence, i.e., "Anything that can happen will." 
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2.  Data Presentation 

Data presentation is actually the ena-product of testing 

and analysis.  Although no one method of presentation can do 

justice to the various types of information that can be 

anticipated, a proposed graphical approach patterned after the 

electronic manufacturers' presentations is a suggested method 

to adapt to the radiation-reliability data.  The proven method 

of response-curve presentation as a function of applicable 

parameters, supported by a reliability plot (Welbull, log-normal, 

etc.) should be a practical layout.  The response curve can be 

plotted as a "typical" curve of the sample of items tested. 

The "typical" curve may represent the median, mode, or arithmetic 

average, depending upon which fits the situation. 

In addition to the "typical" curve, the maximum- and 

minimum-value curves should be included to show the range of 

possible values that have been observed in the data.  The data 

should include the number of samples that were tested to make up 

the curves being presented.  Individual data points may have 

to be plotted in some cases in which there are discontinuities, 

or in which the data variability is such that a smooth curve 

would not adequately represent the data.  The primary objective 

should be to keep down the bulk and yet retain the content of 

the original data. 

When the sample size permits, reliability plots (Welbull, 

log-normal, etc.) should be Included to show the distribution 

of the data between the minimum and maximum curves for a range 

of failure criteria.  When catastrophic failures occur, they 
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can be presented as reliability plots only.  If catastrophic 

failures occur in combination with degradation failures (if 

Identifiable) they can be noted on the response curves and 

plotted in combination with the degradation failures. 

Figure 42 is an example of a proposed data presentation 

layout. The presentation is concerned with presenting com- 

patioie response curves and reliability plots for a range of 

practical failure criteria. It has been shown that even though 

a component is changing as a function of time, it is possible 

to design around predictable response-curve degradation.  The 

designer thus requires a response curve to know how the device 

responds before and after it has been classed as a failure and 

to know the expected variation.  The reliability curve will 

supply estimate? and Ehow the distribution of the data at the 

indicated failure criteria. All pertinent test information 

should be included on the data sheets. 

Radiation-reliability plots with failure age in nuclear 

scales may be required if the test times between radiation 

tests and life-tests do not agree, as in the case of accelerated 

radiation tests, or if the radiation data are obtained at 

different rates. In these cases, a series of graphs may be 

required to represent the data. 

Graphical presentation has much to offer over tables, in 

that the mind cannot grasp the significance of a list of 

numbers as readily as a visual picture represented by a graph. 

A standard format specified by the contracting agencies would 

enable one to make visual comparisons between various devices 

156 



, 

c 
& 
CO 

Response Curve 

Time Scale 

Neutron Scale 

Component^ 

Mfg.  
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Temperature^ 

No. Tested 

Failure Criteria 
1. - 
2. - 
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Failure Age (hr) 
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100°F test temperature 
except where noted. 

*   - 10,000-hr life-test 

Inputs 

Failure Criteria 

Figure 42  Data Presentation Example 
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for selecting promising candidates for specific applications. 

In time the buildup of data will show whether the assumptions 

that have been made are holding up in practice. 

Any presentation of data, no matter how enlightening, is 

wasted unless it has a broad dissemination among prospective 

users. Having a good product is fine, "but advertising helps." 

The manufacturer's method of dissemination is a proven pro- 

cedure that has much to offer. Loose-leaf data sheets such as 

the example can be inserted into their respective binders and 

can be handled in the same way. Obsolete data can be discarded 

as up-to-date information becomes available, 

3. Military Specifications 

The need for an increase in the component life-test times 

and reliability will steadily increase with the anticipated 

Increase in space mission times.  The 20,000-hr (and more) 

missions will put a severe reliability requirement upon components, 

Ir, this respect, military specifications have not kept pace with 

the anticipated applications. As one manufacturer put it, 

"We would go out of business if our product was geared to meet 

onl;, the current »mil specs.1" Therefore, a study should be 

made to up-date the present military specifications to keep pace 

with tne anticipated requirements. 

Some suggestions that can be made both from the results 

of this study and from the writings of others are: 

Increase the test time 

Record data at more Intervals 
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Investigate time- and/or failure-truncated tests 

Use a range of failure criteria on an individual 
basis and on a lot basis 

Summari?,e  data and report as graphical plots 
similar to design data presented by manufacturer 
(loose leaf) 

Identify catastrophic and degradation failures 

With an increase in test time, it follows that the number 

of recording times will have to be increased.  An investigation 

into the possibilities of setting up time- and/or failure-truncated 

life-tests should be made.  The test procedure would be to 

conduct the test to a specified time and a specified number of 

failures and to stop the test at the specified time or the 

specified number, whichever comes first. 

A range of failure criteria would not change the test 

procedures, but would require additional analysis. An analysis 

of the data on an individual basis would Identify those com- 

ponents classed as catastrophic and degradation failures. These 

data would be more easily compared with radiation life-test 

results. 

Graphical presentation of the life-test data (failures) 

patterned after the example in Figure k2  would serve the same 

purpose as a radiation-reliability presentation. The actual 

failure data could be plotted, along with the estimates bassd 

on any assumptions that were made; in this way, it would be 

possible to have a visual verification of the assumptions made. 

Although the graphical presentations do not give the 

statistical treatment desired, they can be used to demonstrate 
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whether the components, circuits, and systems are meeting 

specif!cations. 

Further study of sampling plans should be made for defining 

quality.  Such a study should be based on percentiles (reliability) 

instead of mean life, especially for radiation-reliability 

speciflcations. 

/ 
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SECTION VI 

CONCLUSIONS 

The purpose of this study was to determine the relationship 

between radiation effects and reliability of space-systems com- 

ponents and to investigate the applicability of various methods 

of predicting component reliability in complex environments. 

The study necessarily covered various subjects, and numerous 

conclusions are made on each subject. The most prominent con- 

clusions or results for each subject are outlined below. 

1. Applicability of Standard Statistical Technology to Radia- 
tion RellabiTTEy       

An understanding of basic statistical methods by the 
experimenter is necessary in the performance of re- 
liability studies. 

Radiation is simply an additional environment, al- 
though a complex one, and can be handled by classical 
statistical methods. 

Although classical methods can be used in radiation 
reliability, reliability technology - especially for 
long-term missions - needs further development and 
refinement. Such items as analysis by computer 
methods, mathematical models for radiation reliability, 
and data-handling procedures should be developed and 
qualified for predicting system reliability. 

The Weibull distribution is a versatile failure model 
for approximating and expressing radiation reliability. 
The Weibull distribution fits the radiation data 
examined for this study better than the exponential 
distribution. 

2. Sensitivity of Available Data 

The data analyzed in the study are primarily from manufacturer's 

life-tests,in which radiation effects were not considered, and from 

short-term radiation experiments, in which reliability was not 

part or  the test objective. Some conclusions that can be made 

with respect to each type of datum are: 
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a. Manufacturer's Life-Test Data 

The shape parameter,y3, of the Weibull distribution is 
predominantly less than unity. 

An increase in temperature causes a decrease in the 
lifetime of the electronic components analyzed. 

An increase in the operating level causes a decrease 
in the lifetime of the components. 

The failures observed are primarily a degradation 
^e in which there : 
tastrophic change. 

b. Radiation Effects Data 

type in which there is a gradual rather thaw a 
caxai 

The shape parameter, ß, of the Weibull distribution is 
predominantly greater than unity. 

The radiation lifetime generally increases with in- 
creasing temperature. 

An increase in the operating level increases the radiation 
lifetime )f some devices and decreases the radiation 
lifetime of others. 

The failures observed are primarily a degradation type 
in which there is a gradual rather than a catastrophic 
change. 

3. Long-Term-Rellabillty Test Techniques 

Analysis of available data shows that the interactions of 
radiation rate, operating conditions, and temperature 
are too complex to extrapolate 10C-hr data to 10,000-hr 
predictions. 

Accelerated-test methods should be possible with develop- 
ment of explicit test techniques and mathematical 
models. 

The Importance of eliminating a series of long-term tests 
In support of long-term missions warrants extensive 
effort In development of accelerated test techniques. 

4. Methods of Data Presentation 

Reliability data should be presented for a range of practical 
failure criteria. 
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Most reliability data are presented in a form based 
on the unverified exponential assumption; these data 
would prcvre more useful if the actual failure data 
were presented as probability plots. 

Since reliability is becoming more important with 
longer mission time requirements,  reliability data 
should be made available on the same basis as the 
standard manufacturer's design data. 

5. Military Specifications for Long-Term Missions 

Military specifications have not kept pace with 
anticipated long-term applications and should be 
Improved as soon as possible to allow timely com- 
pletion of future long-term missions. 

Reliability test times should be increased. 

Reliability data should be recorded at more fre- 
quent Intervals. 

Catastrophic and degradation failures should be 
identified as such. 

A range of failure criteria should be presented 
on both an individual basis and a lot basis. 
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